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English summary
A material can only be considered as a waste if it has no economic value. Trans-
forming waste products, that would normally end up in landfills, into raw materials
and products that have economic value is one of the main goals in a zero waste
mindset and one of the possibilities to ensure a sustainable future. This thesis
focuses on a valorization route for steel slag and CO2, two substances which are
generally considered as waste products. When a compact of fine grained steel slag
grains is exposed to pressurized CO2, a carbonation reaction is triggered, which
binds the grains together and allows to generate building blocks with a high com-
pressive strength. The reactions associated with the carbonation process are an
interplay between CO2, water and minerals and take place in the pore space of
the steel slag compact. The main focus of this work is to analyse the carbonation
processes on a pore-scale level, to identify how the mineral phases in the steel
slag react with CO2, where carbonates precipitate in the pore space and how this
influences the strength development in the building material.
The first two chapters provide background information about the environmen-
tal issues dealt with in this work and about mineral carbonation, the underly-
ing process behind the strength development in the building materials. A socio-
environmental context of the research is given in chapter 1. It illustrates that the
iron and steel industry is an important source of anthropogenic greenhouse gas
emissions and produces a lot of solid by-products (slag). This solid waste stream
can however be considered as an important secondary source of metals, but this
resource is currently not exploited, as there is no solution for the non-metallic part
of this waste stream after the metal extraction. This solid waste stream can how-
ever react with CO2 to generate new products like high strength building materials.
The work-flow how the fine grained steel slag, after metal extraction, is converted
into high strength building materials is explained in this chapter. In chapter 2 an
overview of the mineral carbonation process is given, listing suitable source mate-
rials and available process routes.
X-ray computed microtomography (µCT) is the principle research technique
applied in this research and allows to visualize the internal structure of the com-
pact in 3D with micrometer resolution in a non-destructive manner. The principles
and limitations of µCT and new developments of the technique are discussed in
chapter 3. The main challenge in the field of µCT was to visualize the pore space
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at the conditions of carbonation (high pressure and temperature) to monitor and
understand the reactions occurring between the solid, water and CO2. To achieve
this, custom high pressure cells were designed and developed, which allow to study
carbonation processes at in-situ conditions and furthermore to monitor the carbon-
ation reaction through time at a micron scale. Apart from these hardware develop-
ments, which allowed in-situ dynamic µCT imaging, progress was also made in the
analysis of this dynamic 3D data. To analyse the changes between the sequential
µCT scans and map the extent of the dissolution and the precipitation, differential
imaging was applied.
The carbonation process in steel slag compacts can be very complex due to the
number of different minerals present in the slag, which can all react in there own
way with water and CO2. Due to this complexity and the multifaceted interplay
between the source material, water and CO2 inside the pore space of the compact,
wollastonite (CaSiO3) was chosen as a model mineral for the initial carbonation
experiments. In chapter 4, a simplified reactive grain pack was used to evaluate
the effect of the water saturation in pore space on the carbonation degree and car-
bonation rate. Batch experiments showed that the water content in the pores is
a controlling factor in the carbonation rate at reaction times below 20 hours. At
complete water saturation, the carbonate precipitation is controlled by diffusion
of CO2 in the water, while at lower degrees of water saturation, the role of CO2
diffusion is limited and the carbonation rate is controlled by the formation of pas-
sivating layers on the reactive minerals in the grain pack. Lower degrees of water
saturation are therefore preferred to maximize the degree of carbonation on a short
time scale of a few hours.
The methodology obtained in the initial wollastonite carbonation experiments
was applied to steel slag compacts in chapter 5. In this chapter, a pore scale study
on the carbonation reaction in two types of fine grained steel slag (stainless steel
slag (SSS) and Linz-Donawitz (LD) slag) compacts was performed, with special
attention to the strength development in the compact. Characterization of the steel
slag revealed important differences in the chemical and mineralogical constitution
of the steel slag types and this was also reflected in the pore scale carbonation
behaviour. In SSS waste compacts, which are mineralogically richer in calcium
silicates, carbonates mainly precipitate at the grain rims, grain contacts and in the
capillary pores and mineral dissolution is minimal in the compact. SSS compacts
are clearly grain supported and the strength is developed by the precipitation of
carbonate around these grains. The location where these carbonates precipitate is
mainly restricted to the location of the water in the pore system and at low satu-
ration this is at the grain contacts and in the smaller capillary filled pores. In LD
slag compacts, which are rich in calcium(hydr)oxides, larger grains are located in
a more fine grained microporous matrix. The calcium(hydr)oxide grains will re-
crystallize to calcite during carbonation and water will be released into the system
during the recrystallization process and fill the pore space in the compact. Further
precipitation of carbonate will take place in the water filled pore space and will
manifest as a microporous carbonate phase filling these pores. This microporous
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carbonate phase will bind the recrystallized portlandite grains and other minerals
together and generate strength in the compact.
Finally, chapter 6 investigates the upscaling of the process from small, mm
sized samples in µCT reactor cells to larger building blocks. The internal structure
of large carbonated SSS building blocks was analysed and some building blocks,
which showed incomplete carbonation and/or fracturing, were chosen for an in
depth investigation. The inhomogeneities inside the large compacts were exam-
ined and the exact cause of inhomogeneities was revealed by looking at the pore
scale differences inside the building block. Displacement of water in the building
block at the moment of CO2 injection was the cause of an inhomogeneous water
distribution and this resulted in an inhomogeneous carbonation inside the building
block.
The results from this thesis show that µCT is an excellent tool to provide a
better understanding of the pore scale processes occurring during the carbona-
tion reaction. These insights are relevant for the recycling and reuse of steel slag
and allow to improve the quality of the produced high strength building materials.
The developments made in the field of µCT and especially on dynamic in-situ 3D
imaging are an important contribution to the advancement of µCT as a technique
in geology and material sciences. In-situ visualization and analysis will be an es-
sential tool to obtain a better understanding of dynamic processes in numerous
applications.
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Nederlandse samenvatting
Een materiaal kan alleen als afvalstof beschouwd worden wanneer deze geen eco-
nomische waarde meer heeft. Omzetten van afvalproducten naar grondstoffen en
producten met een economische waarde, is een hoofddoel in een zero waste mind-
set en een van de mogelijkheden om een duurzame toekomst te verzekeren. Dit
proefschrift richt zich op een valorisatieroute voor staalslakken en CO2, twee stof-
fen die algemeen beschouwd worden als afvalproducten. Wanneer fijnkorrelige
staalslakken gecompacteerd worden en blootgesteld aan CO2 onder verhoogde
druk, wordt een carbonatatiereactie teweeggebracht, die de staalslakkorrels aan
elkaar kit en toelaat om bouwmaterialen met een hoge druksterkte te genereren.
De processen die optreden tijdens de carbonatatiereactie zijn een wisselwerking
tussen CO2, water en mineralen in de porieruimte van de compact. De focus van
dit werk is om de carbonatatieprocessen op een porieschaal te analyseren, om te
bepalen hoe de minerale fasen in de staalslakken reageren met CO2, waar car-
bonaten worden neergeslagen in de porie¨n en hoe dit invloed heeft op de sterkte
ontwikkeling in de gegenereerde bouwmaterialen.
De eerste twee hoofdstukken geven achtergrond informatie over de milieuprob-
lematiek en over minerale carbonatatie, het onderliggende proces achter de sterke
ontwikkeling in de bouwmaterialen. Een socio-ecologische context van het on-
derzoek wordt gegeven in hoofdstuk 1. Het illustreert dat de ijzer- en staalin-
dustrie een belangrijke bron is van antropogene broeikasgasemissies en een grote
hoeveelheid van vaste bijproducten (slakken) produceert. Deze vaste afvalstroom
kan echter worden beschouwd als een belangrijke secundaire bron van metalen,
maar deze bron is momenteel niet benut, omdat er geen oplossing is voor het niet-
metallische deel van deze afvalstroom na metaalextractie. Deze afvalstroom kan
echter gebruikt worden om hoge sterkte bouwmaterialen te genereren door deze
te laten reageren met CO2. De workflow hoe de fijnkorrelige staalslakken, na
de extractie van metalen, worden omgezet in hoge sterkte bouwmaterialen wordt
uiteengezet in dit hoofdstuk. In hoofdstuk 2 wordt een overzicht van het minerale
carbonatatie gegeven, met een opsomming bruikbare grondstoffen en beschikbare
proces routes voor de carbonatatiereactie.
X-stralen tomografie (µCT) is de belangrijkste onderzoekstechniek toegepast
in dit onderzoek en maakt het mogelijk om de interne structuur van de compact
in 3D met micrometerresolutie op een niet-destructieve wijze te visualizeren. De
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principes en beperkingen van µCT en nieuwe ontwikkelingen van de techniek wor-
den besproken in hoofdstuk 3. De belangrijkste uitdaging op het gebied van µCT
was de visualisatie van de porie¨nruimte onder de carbonatatiecondities (hoge druk
en temperatuur) om zo de processen te begrijpen die optreden tussen de mineralen,
water en CO2. Hiervoor werden hogedrukcellen ontworpen en ontwikkeld, waar-
door carbonatatie processen te bestuderen zijn in in-situ-omstandigheden en wat
bovendien toelaat om de carbonatatiereactie doorheen de tijd op micrometer schaal
op te volgen. Naast deze hardware ontwikkelingen, waardoor in-situ dynamische
µCT beeldvorming mogelijk wordt gemaakt, werd ook vooruitgang geboekt bij
de analyse van deze dynamische 3D data. Om de verschillen zoals oplossing en
precipitatie tussen opeenvolgende µCT scans te analyseren werden differentie¨le
beeldvormingstechnieken op punt gesteld en toegepast.
De carbonatatie van staalslakken is zeer complex door het grote aantal aan
minerale fasen in de slak, die elk op hun manier reageren met water en CO2. Door
deze complexiteit werd in de eerste carbonatatie experimenten het modelminer-
aal wollastoniet ( CaSiO3) gebruikt. Hoofdstuk 4, werd een reactief poriemodel
gemaakt door wollastoniet granulaten te stapelen en werd daarin het effect van wa-
terverzadiging op de carbonatatiereactie gee¨valueerd. Batch experimenten toon-
den aan dat het watergehalte in de porie¨n een bepalende factor is voor snelheid
van de carbonatatiereactie in een periode onder de 20 uur. Bij volledige verzadig-
ing met water, wordt carbonaatprecipitatie geregeld door diffusie van CO2 in het
water, terwijl bij lagere waterverzadiging, de rol van CO2 diffusie beperkt is en
carbonatatie wordt geregeld door de vorming van een reactierand op de reactieve
mineralen die de reactie sterk vertraagt. Om de carbonatatie op korte tijdschaal te
maxiamaliseren wordt dus de voorkeur gegeven aan lagere waterverzadiging.
De methodes gebruikt in wollastoniet carbonatatie experimenten werden toe-
gepast op staalslakken in hoofdstuk 5. In dit hoofdstuk worden carbonatatiere-
acties in twee soorten gecompacteerde fijnkorrelige staalslakken (roestvrij staal
slakken (SSS) en Linz-Donawitz (LD) slakken) onderzocht op porieschaal, met
speciale aandacht voor de sterkte ontwikkeling in de compacts. Karakterisatie van
de staalslakken toont belangrijke verschillen in de chemische en mineralogische
samenstelling van de staalslak types en dit is ook weerspiegeld in de carbonatatie
reacties die optreden op porieschaal. In SSS compacts, die mineralogisch rijker
zijn aan calcium silicaten, slaan carbonaten vooral neer op de korrelgrenzen, ko-
rrelcontacten en in de capillaire porie¨n en verder is de oplossing van mineralen
eerder beperkt. In SSS vormt de initie¨le korrelstapeling na compactie al een eerste
sterkte en wordt deze sterkte verder ontwikkeld door het neerslaan van carbonaten
rond deze korrels. De plaats waar deze carbonaten precipiteren is voornamelijk
gecontroleerd door de locatie van het water in het poriesysteem en bij lage wa-
terverzadiging is dit aan de korrelcontacten en in de capillaire porie¨n. In LD slak
compacts, die rijk aan calcium (hydr)oxiden is de korrelverdeling na compactie
anders en vinden we grotere korrels terug die verspreid zijn in een fijnkorrelige
microporeuze matrix. De calcium (hydr)oxide korrels zullen rekristalliseren tot
calciet en tijdens de carbonatatie zal water worden vrijgezet in het systeem wat de
porie¨n in het systeem zal vullen. Verdere precipitatie van carbonaat zal plaatsvin-
vii
den in de water gevulde porie¨n, wat zich zal manifesteren als een microporeuze
carbonaatfase die de porie¨n vult. Deze microporeuze carbonaatfase zal overige
korrels en mineralen samenkitten en sterkte in de compact genereren.
In hoofdstuk 6 tenslotte worden de observaties op kleine schaal (stalen van
enkele mm diameter) opgeschaald tot op de schaal van grote bouwstenen. De
interne structuur van grote gecarbonateerde SSS bouwstenen werd geanalyseerd
en een aantal bouwstenen, die onvolledige carbonatatie en/of scheuren vertoon-
den, werden verder onderzocht. De inhomogeniteiten in de grote gesteenten werd
onderzocht en de exacte oorzaak van inhomogeniteiten werd achterhaald door op-
nieuw naar de porie¨n in de bouwstenen te kijken. Verplaatsing van water in de
bouwstenen op het moment van CO2 injectie resulteerde in een ongelijke water-
distributie in de gesteenten wat op zijn beurt resulteerde in een inhomogeen car-
bonatatie van de bouwsteen.
De resultaten van dit onderzoek laten zien dat µCT een uitstekende techniek
is om een beter idee te krijgen van de processen die optreden op de porieschaal
tijdens de carbonatatiereactie. Deze inzichten zijn relevant voor de recyclage van
de staalslakken en laat toe om de kwaliteit van de geproduceerde bouwmaterialen
te verbeteren. De ontwikkelingen op het vlak van µCT en vooral de dynamische
in-situ 3D beeldvorming zijn een belangrijke bijdrage aan de vooruitgang van µCT
als techniek in de geologie en materiaalkunde. In-situ visualisatie en analyse zijn
een essentieel hulpmiddel om de dynamische processen die optreden in talrijke
(geologische) toepassingen beter te begrijpen.
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Introduction and thesis overview
A material can only be considered as a waste if it has no economic value. Trans-
forming waste products, that would normally end up in landfills, into raw materials
and products that have economic value is one of the main goals in a zero waste
mindset and one of the possibilities to ensure a sustainable future. This work fo-
cuses on a valorization route for steel slag and CO2, two substances which are
generally considered as waste products. When a compact of fine grained steel
slag grains is exposed to pressurized CO2, a carbonation reaction is triggered,
which binds the grains together and generates high strength in the resulting build-
ing block. The reactions associated with the carbonation process are an interplay
between CO2, water and minerals and take place in the pore space of the steel slag
compact. The main focus of this work is the analysis of the carbonation process
on a pore-scale level to identify how the mineral phases in the steel slag react with
CO2, where carbonates are formed in the pore space and how this influences the
strength development in the building material. X-ray computed microtomography
(µCT) is the principle research technique to visualize the pore scale processes and
monitor these changes through time.
In chapter 1, a broader socio-environmental context is provided for the re-
search presented in this work. This illustrates how the research fits into modern
day problems and challenges concerning sustainable materials management (sec-
tion 1.1) and global warming related to greenhouse gas (GHG) emissions (section
1.3). This chapter also provides an overview of the different types of metallurgical
slags, their current ways of disposal or use in different sectors and their potential
future use as secondary resource for metal recovery, source for GHG mitigation
and as raw material for construction applications (section 1.2). In section 1.4 the
general process is discussed in which waste streams, fine grained stainless steel
slag and CO2, are transformed to high strength building materials.
Chapter 2 details an overview about the main process behind the strength de-
velopment and CO2 consumption in the building material: mineral carbonation.
This chapter illustrates how mineral carbonation can be applied to safely and per-
manently sequester CO2, with a special focus on accelerated carbonation of natu-
ral minerals and alkaline industrial residues. An overview of the suitable sources
for mineral carbonation (section 2.2) and the different carbonation routes (section
2.3) is provided and the advantages and limitations discussed. Details of the car-
bonation process for different minerals in the fine grained steel slag compacts are
reviewed in section 2.4.
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Chapter 3 provides some basics about µCT, the principle analysis technique
in this research, and the advances to the technique that were developed during the
course of this research. The fundamentals of µCT imaging, the limitations of the
technique and practical implications for the applicability of µCT as analysis tool
are discussed in sections 3.1 and 3.2. Section 3.3 summarizes the different µCT
scanner set-ups that were used in the research, with their specific characteristics
and their advantages. Differential imaging and in-situ dynamic imaging are two
important advances in µCT imaging which were used and further developed in this
work. Differential imaging (section 3.4) compares two or more scans and allows
to more clearly identify changes in the scanned object, even below the resolution
of the µCT image. In-situ imaging, which is discussed in section 3.5, implies
the visualization of objects under certain external conditions. In this work these
conditions are pressure, temperature and water content and to achieve in-situ vi-
sualization, high pressure cells with temperature control and fluid flow cells were
designed and developed for the µCT scanners at the centre for X-ray tomography
(UGCT). Because µCT is a non-destructive technique, it is possible to dynamically
monitor the changes in the scanned sample under external conditions through time.
Dynamic in-situ visualization and differential imaging were crucial techniques to
get a better understanding about the carbonation process on the pore scale.
In chapter 4, the influence of the fluid saturation and the water-CO2 distribu-
tion in the pore network on the carbonation reaction is investigated. Due to the
mineralogical and elemental complexity of the steel slag source material, a more
simplified approach was initially applied to get a better understanding about the
processes occurring in the pores during carbonation. Wollastonite, a calcium sil-
icate mineral, was used as a model material for the steel slag carbonation experi-
ments. Section 4.1 describes the carbonation reaction of wollastonite and provides
an insight in multi-phase flow and fluid (water and CO2) distribution in porous me-
dia. Section 4.2 presents the results from the batch experiments on the wollastonite
powder to determine how this mineral reacts at different degrees of saturation and
varying temperatures. In section 4.3 the wollastonite powder is used to generated
highly reactive spherical granulates and these granulates are used to make grain
packs which allow to generate artificial reactive pore networks and study the pore
scale carbonation reactions. In section 4.4 such a grain packs are utilized in a dy-
namic in-situ carbonation µCT experiments. In these experiments, a wollastonite
grain pack, at varying degrees of water saturation, was subjected to a temperature
of 80 ◦C and a pCO2 of 20 bar in a specially designed batch reactor and scanned
under these conditions at different moments during the carbonation process. This
allowed to visualize the extent of the carbonation process through time at different
degrees of water saturation.
In chapter 5, pore scale carbonation experiments are performed on steel slag
compacts at a fluid saturation of 10 wt.%, using a similar approach as the car-
bonation experiments on the model mineral wollastonite in chapter 4. Section
5.1 describes the composition of two varieties of steel slag (stainless steel slag
and Linz-Donawitz slag) used in the pore scale experiments and the experimental
work flow. Section 5.2 describes the carbonation in stainless steel slag compacts
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on pore scale and the strength development in slightly larger compacts. Section
5.3 compares the carbonation of the Linz-Donawitz slag compacts on the pore
scale with that of stainless steel slag compacts and highlights the differences in the
carbonation route of both slags.
In chapter 6 the internal structure of large stainless steel slag building blocks is
analysed and the results are compared to the carbonation reactions observed on the
small samples. Variations inside the large compacts are examined and information
obtained from chapters 4 and 5 is combined to explain the underlying causes for
the inhomogeneities observed in the larger building blocks.

1
Socio-environmental context
This chapter frames the social and environmental context of this research. The
main challenges of our present-day society that this research tries to address are
the need for raw materials and the reduction of green house gas (GHG) emis-
sions. Section 1.1 discusses the challenges concerning the raw materials supply,
especially focussing on metals, which are essential for many applications. Some
of these metals can however be recovered from secondary sources (waste streams)
like steel slag. Once metals are recovered, a rest waste stream still exists, for which
there is no apparent solution. The different types of steel slag and their composi-
tion are discussed in section 1.2, which provides an idea about the applicability
of this waste stream. Section 1.3 discusses anthropogenic GHG emissions and the
role of iron and steel industry in these emissions. This section provides possible
solutions to mitigate GHG emissions and discusses the potential of steel slag as
permanent carbon sink. The steel slag waste stream, from which metals have been
extracted, can be used to permanently store CO2 in carbonate minerals. When this
material is shaped into a compact prior to CO2 consumption, high strength build-
ing materials can be generated. Section 1.4 describes this process, where CO2 is
utilized and sequestered and fine grained steel slag, from which valuable metals
are recycled, is valorized into high-end construction materials.
1-2 CHAPTER 1
1.1 Sustainable materials management
Raw materials and especially metals are used in a wide variety of applications from
infrastructure to advanced technologies, which all play a key role in the functioning
of our present-day society. These metals can be divided into base metals, which
are common metals like iron, copper and aluminium and technology metals, which
are essential for high-tech applications and are generally considered as rare metals.
The demand for both types of metals is strongly rising and this trend will keep
increasing even further in the near future. The most important cause is the rapid
economic growth in developing countries and the building up of infrastructure,
which results in an increase in demand for more common base metals. This is
illustrated in figure 1.1 which shows the worldwide production of crude steel in
1992, 2002 and 2012. The steel production in ”developed” regions remained rather
static in the past 2 decades, while production strongly increased in developing
economies like South Korea, India and especially China [19,20]. The second cause
of rising metal demands is the rapid development in electronics. High technology
products (e.g. mobile phones, flat screen displays and computers) demand a wide
variety of technology metals like semiconductors (group IV, V and VI metals like
Ge, Sb, Se, Te), precious metals (Au, Ag and platinum group metals (PGM)),
rare earth elements (REE) and other metals (e.g. Li, Be, Co, Nb, In, W, Ga). A
common smartphone for example already contains a magnitude in metals: Mg, Al,
Br and Ni in its casing; In, Y, Ce, Eu, Pr, Tb and Dy in its screen; Li and Co in
its battery; Nd, Dy, Pr and Gd in its speakers and Cu, Au, Ag, Ta, Ni, Tb, As, Sb,
Ga, Sn, Pb and P in its electronics. A third cause of increased demand for metals
is the shift towards renewable energy systems and ”green” technologies. New
technologies and products like solar panels, wind turbines and electric cars help to
reduce the dependency of fossil-fuel-based energy sources and therefore decrease
GHG emissions, but will further increase the demand for both base metals and
especially technology metals. The rise in metal demands has substantial economic
and environmental implications worldwide.
1.1.1 Environmental issues
Local impact
In general, elementary metals can be considered as inert. However, changes in
oxidizing or pH conditions due to anthropogenic or natural processes can mobilize
metals and make them hazardous for the environment. The influence on the envi-
ronment therefore mainly depends on the solubility and the oxidation state of the
metal ions [21]. The local impacts of metal production are mainly related to metal
emissions into the environment from point sources associated with mining, refin-
ing and waste management industries. These point sources for metal emissions are
mainly industrial waste streams like mine tailings, slag piles and landfills. When
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Figure 1.1: The production of crude steel per country from 1992 till 2012 (based on data
from the British Geological Survey Mineral Statistics).
inappropriately managed, metals from these waste streams can affect surround-
ing ecosystems. Dispersing metal compounds into the environment is possible
through air-borne particles or as ions in aqueous solutions [22]. Metals are also
emitted into the environment from more diffusive sources, which are either related
to the direct use of metals or indirectly from other processes where metals are
present as trace elements. Examples from direct use are corrosion of metals from
surfaces and the use of metals in paints, sprays and pesticides. Examples from in-
direct processes are trace elements in fossil fuels or metals in phosphate fertilizers.
The metal concentrations from these diffuse sources are often very low and have
no direct influence on the environment or human health. However, due to the fact
that metals do not decay, these metals can accumulate and become hazardous [23].
Iron and steel production, both mining and refining can have a large local im-
pact. After refining, residues like slags and sludges still contain a wide variety
of metals of which some can be hazardous, but could also be potentially valu-
able. Slags, the solid by-product, is often reused as granulates in civil engineer-
ing applications or as fertilizer (section 1.2). The reuse potential of the residue
mainly depends on its chemical and physical properties (elemental and mineralog-
ical composition, grain size, stability and density), which in turn mainly depends
on the specific refining processes applied. In a lot of cases however, large amounts
of slag are being disposed without any added value or treatment [24] and especially
when the slag material is very fine grained, the formation of airborne dust and sub-
sequent leaching of metals into the surrounding environment can be a major issue.
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It is therefore critical that the metals in the residues are removed or immobilized
before reuse in other applications or before final disposal.
Global impacts
The global impact of metal production is primarily related to the energy required
to produce metals and to the related GHG emissions. The ferrous and non-ferrous
metal industry is responsible for about 20 % of all industrial energy use worldwide,
which is about 7 to 8 % of the global energy use [1]. The energy demand for metal
production will continue to rise towards the future. This is due to increasing de-
mand for metals and declining ore grades. Newly discovered ore deposits are often
more complex and therefore require a higher energy input to liberate the valuable
minerals from the waste rock [22]. Metal extraction and refining processes have
the highest energy demands in the entire production process from ore to finished
metal product [1]. In nature, metals are found in minerals, most likely in a stable
state and large amount of energy is needed to transform the metal to its purely
metallic state. The energy needed to produce metals varies from metal to metal.
In general, much less energy is needed to produce a certain amount of base metals
like steel, iron or copper compared to the more rare technology metals. The natu-
ral concentration of the latter is often much lower and refining the metal requires
numerous melting steps and therefore more energy. However, the amount of tech-
nology metals produced globally is much lower compared to base metals and base
metals therefore consume globally the largest amount of energy. Figure 1.2 details
the global energy consumption for primary base metal production. This clearly
shows that extraction and refining are the most energy consuming processes in the
ferrous industry and that steel production has the highest global energy demand.
Figure 1.2: Global energy consumption for primary base metal production (adapted from
the UNEP report on Environmental Risks and Challenges [1]).
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The energy used for refining iron and steel is mainly heat. How this heat is pro-
duced depends on the type of refining process (overview in section 1.2), which is
either by fossil fuel (coal) combustion or by electricity (which itself is also largely
produced through fossil fuel combustion). From all industrial sectors is iron and
steel production one of the major anthropogenic sources of GHG emissions. In
2010 this sector was responsible for 182 Mton of CO2 emissions in the European
Union (EU27), which was about 5 % of Europe’s (EU27) total GHG emission [25].
1.1.2 Critical raw materials
Raw materials play an important role in our present-day society. The topic of
raw materials and especially the scarcity of raw materials is often associated with
energy-materials like oil and gas. This is mainly related to increasing oil price
in the past decade, which is due to politically related disputes or wars and to the
increasing discrepancy between supply and demand. Hydrocarbon production can
not keep up with the rising demand, which is mainly driven by the developing
economies like China and India and the increasing world population. The high oil
price is directly noticed in petrol stations and raises public awareness on the topic.
Scarcity of non-energy raw materials like metals is however equally important and
a continuous supply of raw materials is essential for the well being of resource
dependent countries and industries. Many industrialized regions like the US and
Europe are in especially vulnerable positions with respect to the supply of certain
non-energy raw materials. This is mainly because these regions are depending
almost completely on import for these raw materials, which is either due to the lack
of valuable deposits or problems related to the excavation of those deposits (e.g.
environmental issues and legislations, low ore grades, land use issues). In these
industrialized regions there is growing attention for this problem, with examples
in the US like the Critical Minerals Policy Act of 2013 [26] and the report on
Critical Raw Materials for the EU [16]. In the latter, an assessment is made of
the criticality of different raw materials, especially metals, on the European Union
level. The factors which define the criticality of these materials are the economic
importance, the political-economic stability risk of the supplier(s), environmental
risk and the possibility of substitutability between raw materials. Initially, in a
report of the European commission in 2010 [27], a total of 14 raw materials were
listed as being critical for the EU. In a new assessment of criticality for the EU
published in 2014 [16], the list was extended to 20 raw materials (Table 1.1). These
critical raw materials are of high importance, cannot directly be substituted with
other materials and have a high supply risk because the total worldwide production
of a certain raw material comes practically from a single country.
This is the current situation and a small shift in economic importance, mainly
due to technological change, or a shift in the supply risk can promote or demote
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Table 1.1: Overview of the 20 critical economically important raw materials for the
European Union [16].
Element Main producer
Antimony China
Beryllium USA
Borates Turkey, USA
Chromium South Africa, Kazakhstan
Cobalt DRC (Congo)
Coking Coal China
Fluorspar China
Gallium China
Germanium China
Graphite China
Indium China
Magnesite China
Magnesium China
Niobium Brazil
Platinum Group Metals (PGMs) South Africa, Russia
Phosphate Rock China
Heavy Rare-Earth Elements (REEs) China
Light Rare-Earth Elements (REEs) China
Silicon Metal China
Tungsten China
raw materials from their criticality. For some metals, the demand and supply is
even more complex, as they are normally produced as by-products from other
main carrier materials. These metals have an inelastic supply as the production is
controlled by the mining of the main carrier minerals. An overview of the main
minerals or base metals is given in figure 1.3
1.1.3 Recycling
Metals do not degrade and could therefore potentially be recycled endlessly. In
spite of their immense potential for recycling, a substantial amount of the metals
ends up as waste [28]. Recycling and secondary production of metals has many ad-
vantages both environmentally and economically. Recycling reduces metals from
entering the final waste stage (landfill) and therefore reduces the environmental im-
pact. Metals that are landfilled could potentially be remobilized due to changing
conditions and could become hazardous to the surrounding environment. Recy-
cled metals are also most likely already in their metallic state as opposed to the
natural occurrence of minerals, where the metal is most likely part of a mineral.
Secondary production of metals from waste requires therefore far less energy than
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primary production, because the metal does not need numerous refining steps from
mineral to pure metal.
Figure 1.3: Base metals and their associated minor elements (adapted from Reuter et
al. [2]).
Base metals are often associated with a suite of minor elements of which some
have a high value or are even considered as critical metals. The association be-
tween carrier metals and co-elements for different types of ore are illustrated in
figure 1.3. When a base or carrier metal is refined, the co-elements often end up
in the waste residues, unless this co-element has a high value at the moment of
the refining and is extracted during the production of the carrier metal. The value
of the co-elements changes constantly in time and mainly depends on the techno-
logical advances. If the waste residue contains considerable amounts of valuable
(and potentially hazardous) metals, it should not be considered as a waste, but
rather as a secondary resource [29]. For the moment steel slag is not exploited as
a secondary resource because it is considered as hazardous or has market value as
low grade materials for construction applications. Waste residues therefore have a
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large potential for producing high value metals and disposing of the residues to a
final sink should only be considered when the residue has no economic value.
1.2 Steel slag
Slags are by-products from high temperature metallurgical processes or are residues
generated in incinerator processes [29]. The physical characteristics and chemical
compositions depend on the industrial process and can vary greatly from slag to
slag. Three main types can be classified: ferrous slag, non-ferrous slag and in-
cineration slag. Ferrous slags are mainly iron slag, steel slag and secondary met-
allurgical slags from ferroalloy production. Non-ferrous slags generally include
copper, nickel, lead, zinc, tin and phosphorous slags. Incinerator slags are among
others produced from the burning of municipal solid waste (MSW). Most slags
are considered as a waste stream and are often disposed of in a landfill due to the
lack of economic value. Certain slag types however, are currently reused in civil
engineering or agriculture applications as low end resources. Most of these slags
however still contain considerable quantities of valuable metals [30]. The metal
wheel (figure 1.3) illustrates which elements are associated with the productions
of ferrous and non-ferrous base metals. When the base metal is refined, these
co-elements often end up in the slag and slags should therefore be considered as
a secondary resource for metals, instead of an end-waste that is disposed of by
landfilling [29]. Additionally, some co-elements that end up in the slag can be
considered as toxic and the release of these metals from the slag could be harmful
to the environment when disposed of or inappropriately recycled. In this work the
emphasis is on ferrous slags and especially steel slags. The classification of the
different ferrous slags is mainly based on the type of furnace they originate from.
An overview of the different slag types, their properties and possible applications
is listed below and in figure 1.4.
1.2.1 Blast Furnace Slag (BF, iron slag)
Blast furnace slag is produced in an continuous iron making process in a blast fur-
nace. In this process, iron ore, fluxing agents (lime, limestone and/or dolomite)
and a carbon source (coke and/or coal) are heated in the blast furnace. The com-
bustion produces CO, which reduces the iron ore to molten iron. In the meantime,
all non-metallic phases, mainly fluxing agents and impurities from the iron ore,
are combined in a liquid blast furnace slag. This slag phase is less dense than the
molten iron and forms a layer on top of the metal in the bottom of the blast furnace.
The liquid slag can be treated in different ways which also results in different slag
types. The main constituents, independent of the final slag type, are SiO2 (30-35
%), CaO (28-35 %), MgO (1-6 %) and the slag has a very low FeO content. The
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Figure 1.4: Flowchart of the iron and steelmaking process and the produced ferrous slag
types (adapted from Yildirim et al. [3]).
chemical constitution is very similar to clinker used in Portland cement produc-
tion [30].
Air-cooled Blast Furnace Slag (ABS)
Air-cooled blast furnace slag is created by directing the liquid slag from the blast
furnace in pits, where it cools slowly to the air. Slow cooling allows for minerals
to grow, which results in a crystalline rock-like mass. This rock-like mass can be
used as a suitable alternative for construction aggregates [30].
Granulated Blast Furnace Slag (GBS)
Granulated blast furnace slag is created by rapidly cooling the liquid slag with wa-
ter in a granulator. The rapid cooling results in fine grained amorphous granulates
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(vitrification). The amorphous material can be used as a hydraulic binder and is
often ground to be used in cement manufacturing [30]. Almost all slag material is
reused and the metal recovery potential from BF slag is very low [29]
1.2.2 Steel slag
Basic Oxygen Furnace Slag (BOF, LD)
Basic oxygen furnace slag is generated in a steelmaking process, in association
with a blast furnace. In this process molten iron coming from a blast furnace is
poured onto scrap metal in the basic oxygen furnace. This is followed by the injec-
tion of pure oxygen into the furnace, which triggers intense oxidation reactions to
remove impurities from the molten metal. The oxygen mainly reacts with carbon
in the molten metal which is burned and transformed to CO. This process gener-
ates heat which melts the steel scrap in the furnace. The addition of the steel scrap
is crucial to cool the furnace down and keep the temperature optimal for the oxi-
dation reaction. Apart from oxygen, other fluxing agents (lime, limestone and/or
dolomite) are added to remove impurities from the melt. The impurities combine
with the fluxing agents into a liquid slag floating on top of the molten steel. The
chemical composition of the resulting BOF slag is determined by the chemical re-
actions occurring during the removal of the impurities [3]. Variations in the BOF
steelmaking process exist and these can result in different slag types or names. The
most well known process however is the Linz and Donawitz (LD) process, hence
BOF slags are often called LD slags.
The chemical composition varies from furnace to furnace, which is represented
in the chemical composition data from literature (table 1.2). In general however,
BOF slag mainly consists of CaO, FeO and SiO2, which comprises the fluxing
agents and the molten impurities from the ore. SiO2 ranges from 7 to 18 %, CaO
is above 35 %, of which the free lime content can be up to 12 %, and the FeO can
be up to 38 % [3]. The latter is caused by the oxidation of a certain amount of iron
during the steelmaking process, which cannot be recovered and ends up in the slag
phase. The amount of iron in the slag phase mainly depends on the efficiency of
the furnace. The high CaO content in the slag originates from the large amount of
fluxing agents added during the steelmaking process. When the MgO content is
high, dolomite instead of lime(stone) was used as a fluxing agent.
Due to the high CaO content, BOF slag can be used as a substitute for a part
of the limestones used as fluxing agents in the steelmaking process. This however
largely depends on the P2O5 and S content in the slag and removal of those com-
ponents is often needed to make the slag suitable as a fluxing agent [29]. Other
applications for steel making slags are as soil conditioner or fertilizer in the agri-
cultural sector and in the civil engineering sector as substitute for aggregates [30].
In the latter, the physical characteristics of the slag, like high strength and high
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polishing resistance, make BOF granulates especially suitable for road construc-
tion. The use of steel slag as aggregates in road construction, armourstone in dams
and dikes and as railway ballast can save existing resources of natural aggregates.
BOF or LD slag are less suitable for the production of portland cement, unlike
the BF slags, due to the high FeO content [30]. The high iron content makes the
slag suitable for metal recovery process in order to liberate metallic iron and iron
bearing minerals from the slag [29].
Table 1.2: Chemical composition of BOF slag (wt.%) based on data from literature.
Oxides BOF
[30] [30] [3] [31] [31] [32]
CaO 47.88 50.0 39.40 45-55 42-50 45.0
SiO2 12.16 12.0 11.97 12-18 12-15 11.1
Al2O3 1.22 1.58 2.16 <3 <3 1.9
MgO 0.82 1.50 9.69 <3 5-8 9.6
FeO 26.30 27.89 30.23 <5 <5 10.7
Fe2O3 - - - - - 10.9
Fe - - - 14-20 15-20 -
SO3 - - 0.12 - - -
S 0.28 0.3 - - - -
MnO 0.28 - 2.74 <5 <5 3.1
TiO2 - - 0.40 - - -
P2O5 3.33 3.35 1.00 <2 <2 -
Na2O 0.036 - 0.25 - - -
Cr2O3 - - 0.20 - - 0.1
K2O 0.071 - 0.05 - - -
Cl - - 0.01 - - -
Free CaO - - - <10 <10 -
Based on the chemical composition BOF slags can be defined as calcium sil-
icate rich materials. The most common mineral phases in BOF steel slags are
dicalcium silicates (C2S) like larnite (Ca2SiO4) and tricalcium silicate (Ca3SiO5).
Other common phases are oxides like srebrodolskite (Ca2Fe2O5), spinel ((Fe, Mg,
Mn, Al) Me2+Me2
3+O4), wustite (FeO), lime (CaO) and periclase (MgO). All min-
erals may not necessarily be present in all slag types [32]. This largely depends on
the chemical composition of the starting materials and the post processing of the
slags like the cooling rate.
The mineralogical composition indicates the presence of unstable phases in
the slag, mainly free lime and in lower amounts periclase (depending on the use of
dolomite as a fluxing agent). Hydration of these oxides to portlandite (Ca(OH)2)
and brucite (Mg(OH)2) causes a volumetric expansion which can result in the dis-
integration of the slag particles. Portlandite formation is a fast process and occurs
1-12 CHAPTER 1
in the order of days to months, depending on the accessibility of CaO to water.
The hydration of MgO is much slower and can cause significant volume changes
in the slag for months or even years [3]. The amount of free lime and periclase
is detrimental and hence a bottleneck for the use of steel slag in civil engineering
projects [31].
Apart from the chemical composition and the volumetric stability, the reuse
potential depends on the leaching behaviour of potential hazardous elements into
the environment. A whole suite of elements like Pb, Zn, Sn, Cr, Ti, Mn, Mg,
Cu, V, Al and As are associated with steel production as illustrated in figure 1.3.
The release of these elements from the slag can cause environmental problems
and toxicological risks. A study by Proctor et al. [33] showed that the leaching
behaviour of BOF slag for 9 potentially hazardous metals (As, Ba, Cd, Cr, Pb, Hg,
Se and Ag) were well within the leaching criteria for the USA. Similar findings
were published before by Geiseler et al. [34], concluding that BOF slag should not
be considered as hazardous waste. The whole suite of co-elements was however
not tested and the concentration of these co-elements varies between different slags
and furnaces. A proper study of the leaching behaviour is therefore advised before
reuse of the slag in other applications. Apart from the environmental risk are some
co-elements considered valuable. If the concentration of theses co-elements is
high enough, these slags could be considered as a secondary resource for valuable
metal extraction.
Electric Arc Furnace Slag (EAF)
The electric-arc furnace steelmaking process uses a high powered electric current
to produce the necessary heat for melting steel scrap. As opposed to the BOF steel-
making process, no molten metal from a blast furnace is poured into the furnace,
but steel scrap is directly molten to its liquid state. Oxygen and fluxing agents
are added to the (molten) steel scrap to remove the non-metallic phases from the
steel [3]. When alloyed steel is required, other metals (alloys) can be added during
the process.
Chemically, EAF slag is very similar to BOF slag and the most abundant
chemical constituents are still CaO and SiO2. However, the abundance of the
chemical phases can vary more widely as compared to BOF slags. This is due to
the difference in the steel generation process, where the EAF steelmaking pro-
cess is in essence a recycling process of steel scrap and the chemical consti-
tution of the EAF slag depends largely on the properties of the recycled steel.
EAF slags can be further divided into two subgroups depending on the desired
steel quality: high alloyed (stainless) steel or carbon steel. Carbon steel usu-
ally has a high content of iron and less SiO2 while high alloy steel can differ
considerably [32]. The difference between the two types of EAF slag is also re-
flected in the mineralogy of the slag. Common minerals in carbon steel are larnite
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Table 1.3: Chemical composition of EAF slag (wt.%) based on data from literature.
Oxides EAF
[32] [32] [31] [31] [35]
CaO 45.5 38.8 30-40 25-35 46.9
SiO2 32.2 14.1 12-17 10-15 33.5
Al2O3 3.7 6.7 4-7 4-7 2.30
MgO 5.2 3.9 4-8 8-15 6.22
FeO 3.3 5.6 - - 1.07
Fe2O3 1.0 20.3 - - 0.36
Fetotal - - 18-28 20-29 1.56
SO3 - - - - -
S - - - - -
MnO 2.0 5.0 <6 <6 2.6
TiO2 - - - - 0.16
P2O5 - - <1.5 <1.5 0.02
Na2O - - - - 0.17
Cr2O3 4.8 2.7 - - 2.92
Crtotal - - - - 3.22
NiO - - - - <0.01
Nitotal - - - - 0.075
MoO3 - - - - <0.01
Mototal - - - - 0.001
Zn - - - - 0.011
Pb - - - - 0.005
V2O5 - - - - 1.28
K2O - - - - 0.11
F - - - - 0.64
Free CaO - - <3 <3 -
(Ca2SiO4), srebrodolskite (Ca2Fe2O5), brownmillerite Ca2(AlFe)O5, spinel ((Fe,
Mg, Mn, Al, Cr) Me2+Me2
3+O4), wustite (FeO) and periclase (MgO) [32]. The
common minerals in the more acid (more SiO2 rich) high alloy steel are bredigite
(Ca14Mg2(SiO4)8), merwinite (Ca3MgSi2O8), akermanite (Ca2MgSi2O7), gehlen-
ite (Ca2Al2SiO7), cuspidine (Ca4F2Si2O7), spinel ((Fe, Mg, Mn, Al, Cr) Me
2+Me2
3+O4)
and periclase (MgO) [32]. The carbon rich steel, which is richer in CaO, shows
more similarities with BOF slag, except for the free lime content, which is gener-
ally lower, and the higher amount of alloys like chromium in the EAF slag. This
enrichment of alloys is even higher in stainless steel EAF slag.
The applications for reuse of EAF slags are quite similar to those of BOF steel
slag, which are mainly agricultural and civil engineering applications. Further-
more, based on the mineralogical difference between BOF and EAF slag, volu-
metric instabilities are likely to be lower in EAF slags due to the lower free lime
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content. This indicates that EAF slags are more suitable for construction appli-
cations compared to BOF slag. In a study by Proctor et al. [33] the leaching
behaviour of BOF and EAF slag was tested and both were considered as non-
hazardous waste. However, due to the high variability in chemical composition in
EAF slag, a thorough screening of the slag before reuse is suggested, as the higher
alloy content in some slags could restrict the applicability due to environmental
issues. Metal recovery from EAF slag is also mainly dependent on the chemical
composition and the distribution of the alloy elements in the slag.
Secondary Metallurgical Slags (SECs)
In order to obtain steel with a certain chemical composition, steel produced in a
BOF or EAF can be further refined. For the further refining of steel to produce
high-quality steels, different secondary metallurgical processes are applied. These
processes include desulfurization, degassing, alloys addition, further removal of
impurities and decarburisation. Which processes are used, mainly depend on the
type and quality of the steel that is required and this results in various types of slag.
As before, slags are commonly named after their source and examples of SECs
are Ladle Furnace (LF), Vacuum Degassing (VD), Argon Oxygen Decarburisation
(AOD) and Vacuum Oxygen Decarburisation (VOD) slags.
Among the alloy steel slags, is stainless steel slag the most abundant slag type
[29]. The main elements in stainless steel are iron, chromium and to a lesser extent
nickel (table 1.4).
Secondary metallurgical slags often have a high CaO, SiO2, Al2O3 and MgO
content [32]. The contents of CaO, Al2O3, MgO and MnO in stainless steel slag
(AOD slag) are close to those of other steel slags like BOF or EAF. The SiO2 con-
tent is usually much higher compared to BOF slag or certain EAF slag types [29].
The FeO content on the other hand is typically much lower compared to EAF and
especially BOF slag (<10 %) [3]. The major difference in the chemical composi-
tion is the high amount of alloys (Cr, Ni, Mn, V, Ti, Mo) in the slag compared to
steelmaking slags. This makes stainless steel slags an excellent secondary resource
for (critical) metals, but also implies, due to the toxic nature of some metals, that
reuse in various application and even landfilling could be restricted. Recovery is
therefore not only economically important, but also environmentally.
The most abundant minerals in stainless steel slag (AOD) are ingsonite (γ-Ca2SiO4),
larnite (β-Ca2SiO4), merwinite (Ca3MgSi2O8), melilite ((CaNa)2(Al, Mg, Fe)(SiAl)2O7),
fluorite (CaF2), spinel ((Fe, Mg, Mn, Al, Cr) Me
2+Me2
3+O4), lime (CaO) and per-
iclase (MgO) [32]. Volumetric instabilities are an important issue with SECs and
for this reason some of these slags are often called self-dusting or falling slags.
The disintegration is, unlike steel slag, not related to the hydration of lime or per-
iclase, but due to the volumetric expansion of dicalcium silicate (C2S). Different
polymorphs of C2S exist and the stability of each polymorph is mainly tempera-
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Table 1.4: Chemical composition of stainless steel slag (wt.%) of AOD and Ladle slag
based on data from literature.
Oxides AOD Ladle
[29] [29] [29] [35] [32]
CaO 47.60 45.50 45.50 54.1 42.5
SiO2 31.24 26.32 27.61 26.5 14.2
Al2O3 1.66 9.69 1.65 4.91 22.9
MgO 3.65 7.30 7.30 6.30 12.6
FeO - - - 1.18 0.5
Fe2O3 - - - 0.63 1.1
Fetotal 1.75 3.50 7.40 2.03 -
MnO 1.60 2.06 1.41 1.02 0.2
TiO2 - - - 0.98 -
P2O5 - - - 0.02 -
Na2O 0.08 0.07 0.03 0.22 -
Cr2O3 - - - 1.83 0.3
Crtotal 3.47 4.28 2.48 1.71 0.27
NiO - - - - 0.01
Nitotal 0.25 0.22 0.45 0.20 0.007
MoO3 - - - <0.01 -
Mototal - - - 0.04 0.028
Zn 0.02 0.02 0.03 0.01 0.037
Pb 0.05 0.05 0.04 0.005 -
Cu 0.05 0.05 0.12 - 0.002
Ti 0.13 0.68 0.20 - 0.084
V2O5 - - - 0.09 -
K2O 0.05 0.05 0.05 0.14 -
F - - - 2.60 -
Free CaO 3.21 0.51 0.91 - -
ture dependant. α-C2S is stable at high temperatures (>630
◦C) and below 500 ◦C
β-C2S starts transforming into γ-C2S [3]. The transformation to γ-C2S causes a
volumetric expansion and possible disintegration of the crystals. C2S phases are
also present in BOF and EAF slags. However, the P2O5-content in these slags has a
stabilizing effect on the C2S phases and prevents disintegration. Self-dusting, fine
grained slags are often used as fertilizers, while coarse grained slags are reused in
the steel-making process or in civil engineering applications.
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1.3 Carbon capture, utilization and storage (CCUS)
In the natural carbon cycle of CO2, a constant dynamic exchange is taking place
between terrestrial and aquatic environments and the atmosphere. The atmospheric
CO2 content is about 750 Gt of carbon (2750 Gt of CO2) and there is an exchange
of 90 Gt of Carbon (330 Gt of CO2) per year between the atmosphere and aquatic
environments and a global fixation of about 90Gt of carbon (330 Gt of CO2) per
year. These processes are in balance with the natural emissions of CO2 from
sources like animals, natural fires and volcanism. The annual emission of CO2
by human activities is, including indirect effects like deforestation, about 7 Gt of
carbon (25.7 Gt of CO2) and this CO2 flow is not in balance with the natural carbon
cycle [36]. The imbalance in the natural carbon cycle by human activities results
in a steady rise of the atmospheric CO2 concentration from 270 ppm in 1750 (pre-
industrial times) to 391 ppm in 2011 [37]. The main sources of CO2 emissions
in this period originate from fossil fuel combustion and cement production (345
to 405 Gt of carbon in the atmosphere) and from deforestation and other land use
changes (100 to 260 Gt of carbon). CO2 is the most abundant GHG in the atmo-
sphere and a rise of the atmospheric concentration causes an increase in the average
global temperature. The Fifth Assessment Report (AR5) of the Intergovernmental
Panel on Climate Change (IPCC) states that: ”Human influence has been detected
in warming of the atmosphere and the ocean, in changes in the global water cycle,
in reductions in snow and ice, in global mean sea level rise, and in changes in some
climate extremes. It is extremely likely that human influence has been the domi-
nant cause of the observed warming since the mid-20th century.” [37]. To avoid a
further increase of GHGs and the global mean temperature, a set of significant de-
cisions were made by the international community on the United Nations Climate
Change Conference in 2010 in Cancun (Mexico). These Cancun Agreements call
for a limit of the global average temperature of no more then 2 ◦C and therefore
the atmospheric CO2 concentration needs to be stabilized between 445 and 490
ppm. This implies that the global CO2 emissions need to decrease by 50 to 85 %
below the 2000 levels by the year 2050 and begin to decrease no later then 2015,
instead of continuing their current increase [38].
One of the main sources of anthropogenic CO2 emissions remains fossil fuel
combustion. In 2008, 85.1 % of the total global primary energy supply came
from fossil fuels, with 34.6 % from oil, 28.4 % from coal and 22.1 % from gas.
Renewable energy sources and nuclear energy are limited to respectively 12.9 and
2 % [38]. The shares of global energy sources was almost identical in 2004 and
the combustion of fossil fuel in 2004 accounted for 56.6 % of all anthropogenic
GHG emissions. In order to evolve towards a low carbon society by 2050, a strong
increase in the energy efficiency is needed, together with a shift of the primary fuel
towards renewable energy sources. Most renewable technologies are however still
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in a development stage or are not yet widely implemented to cope with the ever
increasing demand for energy. Pending the implementation of sufficient renewable
energy alternatives, other solutions are needed to decrease the CO2 emissions into
the atmosphere in the immediate future.
The industrial sector with the highest GHG emissions is the iron and steel
manufacturing. In Europe alone, this sector is responsible for an annual emission
of 182 Mt of CO2 or 4.7 % of the total annual emission in Europe. The high
GHG emissions are mainly related to the energy needed for refining and gener-
ating steel, which mainly originates from fossil fuel combustion. The amount of
energy needed when steel is produced from recycled scrap metal is much lower as
opposed to primary production. Unfortunately, insufficient scrap metal is available
to sustain the ever growing steel demand, which keeps primary production of steel
a necessity towards the future. However, in order for the steel sector to attain the
global climate target, the production process needs to become more energy effi-
cient or the CO2 emissions needs to be compensated by carbon utilization or by
carbon storage [39].
1.3.1 CCS - Carbon Capture and Storage
Most agree that carbon capture and storage and/or sequestration (CCS) is neces-
sary for a meaningful CO2 reduction [18]. The difference between sequestration
and storage is mainly about the time period in which CO2 is isolated from the
atmosphere. Storage implies isolation for a significant time period, while seques-
tration implies a permanent disposal of CO2 [40]. A special report by the IPCC
about CCS [41] gives an overview of the different options for applying CCS tech-
nologies to reduce CO2 emissions. The most feasible way to capture CO2 would
be in large point sources, such as power plants and large industries. Once captured
and concentrated, the CO2 needs to be transported to a suitable storage location
where the CO2 is, preferentially permanently, isolated from the environment. The
three main storage options are geological storage, mineral carbonation and ocean
storage.
Ocean storage
Here CO2 is injected directly into the deep ocean (depths>1000m), where it is dis-
solved and becomes part of the global carbon cycle. The CO2 dissolved in the deep
water would remain isolated from the atmosphere for centuries. The downside of
deep ocean injection is the change in the ocean chemistry, mainly a decrease of the
pH, which could have serious ecological and environmental consequences.
Geological Storage
In the case of geological storage, CO2 is stored in deep saline aquifers, depleted
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oil or gas fields or coal seams. In most cases CO2 is injected in its dense supercrit-
ical form in porous reservoirs below 800 meters [42]. Isolating or trapping of CO2
from the atmosphere in geological reservoirs can be done in different ways [41,43].
(1) CO2 can be physically trapped in its supercritical or gaseous state below a low-
permeability caprock or seal. These structural or stratigraphic traps, that immobi-
lize the buoyant CO2, are often the same structures that contained hydrocarbons. A
second method of physical trapping is hydrodynamic or residual trapping, which
occurs when CO2 migrates through the pore network of the reservoir and gets iso-
lated as individual pore-space droplets surrounded by water [44]. (2) Solubility
trapping occurs when the injected CO2 starts dissolving into the formation water
and CO2 is no longer present as an individual phase. This changes the chemi-
cal properties of the formation water and lowers its pH. This chemical imbalance
between the formation water and the host rock can cause dissolution of certain
phases in the host rock. (3) Mineral trapping occurs after the dissolution of CO2
into the formation waters, when the saturation of the dissolved host rock species
increases to a point when carbonates start to precipitate. These geochemical in-
teractions between the injected CO2, formation water and host rock are very slow
compared to the injection and can potentially take a thousand years [41]. Mineral
trapping is considered the safest option because the CO2 is permanently bound
as a solid phase. Geological storage has a huge potential storage capacity. An
overview in the IPCC special report on CCS [41] estimated the storage potential
in depleted oil and gas reservoirs between 675 and 900 Gt of CO2, in unminable
coal seams between 3 and 200 Gt of CO2 and in deep saline aquifers between 1000
and possibly 10000 Gt of CO2. The economical feasibility has not been taken into
account in these estimations, but this nevertheless illustrates the storage capacity.
The biggest risk associated with geological reservoirs is leakage of CO2 into other
(potable) groundwater reservoirs or into the atmosphere. The risk mainly depends
on the sealing capacity of the cap rock and this could be compromised due to
overpressure during injection and due to the geochemical interactions between the
injected CO2, formation water and the reservoir rock [45]. The technical feasibil-
ity of geological storage has been proven in several demonstration sites (Sleipner,
In Salah, Snohvit and Weyburn) and CO2 injection to enhance oil recovery (EOR)
from hydrocarbon reservoirs is already a mature technology worldwide [46].
Mineral carbonation
A third option for CO2 sequestration is mineral carbonation and is based on a reac-
tion of CO2 with metal oxide bearing minerals to form insoluble carbonates [41].
The insoluble carbonates are thermodynamically stable and mineral carbonation
occurs spontaneous as a natural weathering process in silicate rich rocks, which
makes mineral carbonation a safe and permanent sequestration option. The reac-
tion speed of the natural carbonation is however very slow and the challenge is to
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accelerate a process that takes millions of years in nature to a matter of hours in
order to make it suitable as an industrial application to store anthropogenic CO2
emissions. Mineral carbonation is further discussed in chapter 2.
1.3.2 CCUS - Carbon Capture, Utilization and Storage
In recent years CCS research evolved from capturing and permanent sequestration
of anthropogenic CO2 towards making use of the captured CO2 before sequester-
ing. This utilization step between capture and sequestration has a large influence
on the feasibility of many carbon capture, utilization and sequestering (CCUS)
projects because CO2 is put to good use before being disposed of. CCUS as op-
posed to CCS requires a change of mind of the perception of CO2. In CCS projects
CO2 is looked upon as a major GHG, causing global warming, which needs to be
permanently disposed of in the underground. This mindset is similar to dumping
waste in a landfill, which is a non-sustainable option. In CCUS projects, CO2 is
perceived as a commodity with an economic value, which makes it inherently no
longer a waste product. CCS projects have some shortcomings that could poten-
tially hinder the feasibility of some of these projects. The main shortcomings in
the case of geological storage are the high investment costs, uncertainties concern-
ing the potential storage capacity, public resistance due to potential leakage and
the energy cost [47]. By using CO2 as a chemical feedstock and generating an
economic value, some of the costs of CCS projects can be addressed, improving
the feasibility of the project.
CO2 can be applied in many different fields which is reflected by the wide
range of CCUS applications. The US department of energy considers CO2-EOR
as a major CCUS application because CO2 is injected into oil reservoirs to remo-
bilize trapped oil and increase the recovery. Other CCUS applications use the CO2
feedstock to synthesize other chemicals or as nutrient for algae or bacteria that
could supply fuels and other chemicals [48]. In the case of mineral carbonation,
the main benefits can be the improvement of the environmental properties of the
end products or the manufacturing a product that could be applied in, for example,
the construction sector [6].
The latter can be applied to iron and steel slags, where mineral carbonation
is used to stabilize the slag, improve the environmental properties and therefore
increase the reuse potential. This shows that this CCUS application for the iron
and steel sector is both beneficial and feasible. The amount of steel slag avail-
able for sequestration is however limited and therefore the storage capacity of this
CCUS application is also limited. This is the case for most CCUS application
and CCUS must therefore be considered as a complementary technique to reduce
anthropogenic CO2 emissions, parallel to more large scale CCS projects.
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1.4 Towards high strength construction materials
Slags and CO2 are two by-products which are generated during the production of
steel and are often wrongfully regarded as waste products. Slags, the solid by-
products of the steelmaking process, are already often reused as granulates in civil
engineering applications or as fertilizer. The current utilization rate of steel slag in
developed regions like USA, Japan and Europe is close to 100 %, while the rate
in China lags behind with only 22 % [49]. Some slags still contain considerable
amounts of potentially hazardous (critical) metals and thus could be considered as
a secondary resource of metals [29]. Despite this potential, secondary production
from steel slags is not being exploited and the main reason for this lies in the ex-
traction methods necessary to obtain the metals from the slag. These extraction
methods involve numerous grinding steps, which result in a very fine grained min-
eral waste stream once the metals are extracted; therefore the steel slag is no longer
usable as aggregates in construction. The market value of these slags, as low grade
materials, could be lost when these slags are processed for (critical) metal extrac-
tion, hence creating new waste [50]. Using these slags as low grade material in
construction applications results in the inevitable loss of these precious metals. So
in order to recover metals from slags in a zero-waste mind set, a solution is needed
for the fine grained bulk matrix of the rock.
CO2, the gaseous by-product of steel production, is regarded as a waste in
CCS mindset. This CO2 can however be put to good use in combination with steel
slags in a mineral carbonation process. Steel slags are calcium silicate rich mate-
rials (section 1.2) from which calcium carbonate can be produced in combination
with CO2. The carbonation of steel slags can reduce the leaching of potentially
hazardous metals and therefore reduce the environmental impact and increase the
reuse potential of the slags [24, 51–53]. Mineral carbonation, with steel slag as
source material, can also be applied to produce commercial-grade carbonate prod-
ucts like precipitated calcium carbonate (PCC) as paper filler [54].
Mineral carbonation can also be applied to fine grained steel slags to con-
vert this waste stream into high strength building materials [55]. This approach
has multiple advantages: (1) a significant reduction in the amount of solid waste,
generated by the steel-industry and the following recycling process can be accom-
plished; (2) the process sequesters significant amounts of CO2, to generate stable
Ca(Mg)-carbonates and this sequestration can partly compensate for the high CO2
emissions associated with the steel-making process; (3) high strength construc-
tion materials can be produced without the need for binders such as cement. A
schematic overview of the carbonation process can be found in figure 1.5. The
process starts by compacting fine grained steel slag, from which metals have been
recovered, into blocks. The compacts are then placed in a reactor vessel in which
CO2 is injected under augmented pressure and temperature conditions. During this
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process CO2 is consumed, carbonates are formed and high strength in the building
block is generated.
Figure 1.5: Schematic overview of the carbonation process.
This process is a zero-waste solution that utilizes and sequesters CO2 and val-
orizes fine grained steel slags, from which valuable metals are recycled, to produce
a new, high end construction material.

2
Mineral Carbonation
This chapter provides a more detailed overview about mineral carbonation, a pro-
cess which is a possible option for CO2 sequestration (section 1.3). Section 2.1
presents a general introduction to mineral carbonation with a special focus on
ex-situ carbonation, which is the accelerated carbonation of natural minerals or
alkaline industrial residues above the ground in a processing plant. In section 2.2
suitable source materials from carbonation are discussed. These include both natu-
ral minerals and industrial alkaline wastes; the advantages and limitations of these
sources concerning the feasibility and industrial applicability are discussed. In
section 2.3 the different process routes for mineral carbonation are outlined and in
section 2.4, the wet phase aqueous carbonation route, which is applied in this work
to generate building blocks from steel slag waste and CO2, is discussed more in
detail.
2.1 Introduction
Carbon dioxide sequestration by mineral carbonation is based on a reaction where
CO2 reacts with metal oxide bearing minerals to form insoluble carbonates [41].
This is a natural chemical weathering process that occurs when silicate rich rocks
are exposed to the earth’s surface and meteoric water. Atmospheric CO2, dis-
solved as HCO3
– in meteoric water, acidifies the water and subsequently liberates
cations and anions from the silicate minerals in the rock. The dissolved species
are eventually transported to the oceans where carbonates and biogenic silica are
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precipitated [56]. Silicate weathering and especially the weathering of mafic and
ultramafic rocks are of great importance in the long-term carbon cycle operation
over millions of years [57] and this long-term carbon cycle is the main controller
of the concentration of atmospheric CO2 over a geological time scale [58]. The
generalized reaction of silicates of alkali and alkali earth metals (Me) with CO2
can be written as [59]:
MexSiyOx+ 2y − t(OH)2t + xCO2 −−⇀↽− xMeCO3 + y SiO2 + tH2O (2.1)
The carbonation reaction for the alkali earth metals calcium and magnesium is
exothermic and the formed carbonate minerals are thermodynamically stable. The
chemical fixation of CO2 in calcium and magnesium carbonate minerals there-
fore provides a safe and permanent method of CO2 disposal, because a substantial
amount of energy would be required to release the CO2 from the carbonate min-
eral [60]. The reaction speed of the naturally occurring carbonation is however
very slow and the challenge is to accelerate the process that takes millions of years
in nature to a matter of hours in order to make it useful as industrial application to
store anthropogenic CO2. Accelerated mineral carbonation as a method to reduce
the emission of anthropogenic CO2 was first mentioned by Seifritz [61] and Dun-
smore [62]. Lackner et al. [60] were however the first to study this concept and
provided more details about the carbonation process and potential raw materials
suitable for carbonation.
The carbonation process itself can be divided into in-situ and ex-situ carbon-
ation. In-situ carbonation is achieved by injecting CO2 into porous rocks in the
subsurface, where it can react with the host rock [63]. The process is similar to
underground storage, with that difference that it is explicitly optimized for the
reaction between the host rock and the injected CO2. Suitable host rocks are ei-
ther permeable sedimentary reservoirs containing sufficient easily dissolved metal
cations and (ultra)mafic deposits like basalts and ophiolitic peridotite [63]. Deep
aquifers containing basic silicate minerals are considered promising due to their
large storage capacity in the pore space and geographic ubiquity [4]. The abun-
dance of basic silicate minerals in most sedimentary basins is however rather low,
making the mineral storage potential of sedimentary reservoirs strongly depen-
dent on the type and amount of suitable minerals in the reservoir [64]. Basalts
and ophiolites are considered to be a better option for in-situ CO2 sequestration.
These rocks have a large storage capacity due to the abundance of divalent metallic
cations in the rock and their occurrence in vast amounts such as in large continental
basalt deposits and in tectonically uplifted oceanic crusts [4]. Ex-situ carbonation
on the other hand involves the carbonation of natural minerals or alkaline industrial
residues above the ground in a processing plant and requires additional processing
steps to enhance the rate of the carbonation reaction [41]. This research focuses
on an ex-situ carbonation process of alkaline industrial residues.
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2.2 Suitable sources for mineral carbonation
Most metal oxides can react with CO2 to form carbonates. However, to store a
sufficient amount of anthropogenic CO2 using an accelerated mineral carbonation
process, the carbonates that are formed need to be stable and the source metals
abundant. Most non-alkali metals are either rare or too economically valuable
(e.g. Fe, Ba, Cu, Pb, Zn) to be used as a source material for carbonation and alkali
metals (like Na and K) are also unsuitable, because the formed alkali carbonates
are unstable above ground [17]. The most abundant elements that are suitable for
carbonation are the alkali earth metals Mg and Ca. The free oxides of Ca and Mg
are the ideal sources for mineral carbonation, because they react spontaneously
with CO2 and have a limited economic value compared to other metal oxides. The
carbonation reaction of the free oxides with CO2 produces a substantial amount of
energy, which is 179 kJ/mol for CaO and 118 kJ/mol for MgO [60].
2.2.1 Suitable natural minerals and rocks
Pure oxides of Ca and Mg are rare in nature. Suitable natural materials with a large
potential for binding CO2 in mineral form are mainly mafic and ultramafic rocks
like basalt, peridotite, serpentinite and talc carbonates. These are igneous or meta-
igneous rocks with very low silica content and rich in MgO and FeO. The common
rock forming minerals in these igneous or meta-igneous rocks, with a potential for
mineral carbonation, are listed in table 2.1.
Table 2.1: Minerals suitable for mineral carbonation with their CO2 sequestration
characteristic. Adapted from Huijgen and Comans [17]
Mineral MgO (wt.%) CaO (wt.%) RCO2 (kg/kg)
Olivine 49.5 0.3 1.8
Serpentine 40 0 2.3
Wollastonite 0 35 3.6
Talc 44 0 2.1
In the mineral list in table 2.1, the potential storage amount of MgO and CaO is
given and RCO2 the mass ratio of rock to CO2 [60,65]. The RCO2 defines the amount
(kg) of minerals that is required to store 1 kg of CO2 and therefore indicates the se-
questration potential of the minerals. These are theoretical values in the ideal case
where the entire amount of MgO or CaO in the mineral is available for carbona-
tion. Unfortunately, in many of these minerals passivating effects occur during the
carbonation reaction which reduces the kinetics of the reaction or limits the extent
of the reaction to the core of the grain (e.g. formation of a silica-rich leached layer
around the mineral grain) [66–68]. The reactive minerals furthermore have to be
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accessible for carbonation inside the rock and this is mainly influenced by the min-
eral matrix of the rock. The amount of MgO and CaO in the mafic and ultramafic
rock deposits depends strongly on the mineral composition of the rock. Ultramafic
peridotites have a very high olivine content and are therefore very rich in MgO.
Peridotites like dunite and Harzburgite are the richest in MgO (40 to 50 wt%) and
about 2 tons of these rocks have the potential to store 1 ton of CO2 [60]. Mafic
rocks contain lower amounts of MgO and CaO. Basalts, for example, contain 10
to 15 wt% of MgO and CaO and about 12 ton of basalt is needed to store 1 ton of
CO2, depending on the basalts constitution [69].
Figure 2.1: World map of igneous rocks with potential for mineral carbonation. Adapted
from Matter [4].
Figure 2.1 represents the large deposits of mafic and ultramafic rocks around
the world. The maps shows that continental basalts can be found on every con-
tinent and ophiolithic peridotites are mainly located along orogenic belts. Unfor-
tunately, there is no worldwide assessment about the amount of suitable rocks for
mineral carbonation. However, studies on specific deposits of mafic and ultramafic
rocks have shown that in theory the amount of suitable rocks should be sufficient
to store all the currently known fossil carbon reserves [6]. A study from McGrail
et al. [70] estimated the storage potential of the Columbia River basalts, which has
a volume of more then 200000 cubic km, between 36 and 148 Gt of CO2. Other
continental basalt deposits like the Decan flood basalts and the Siberian basalts
have respectively 3 times and 5 times the volume of the Columbia River basalts
and could therefore have an even larger storage potential. Deposits of ophiolitic
peridotites are less abundant compared to the massive flood basalt, but they have
a higher storage potential as mentioned in table 2.1. A study on in-situ carbon-
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ation by Kelemen et al. [71] in the Samail ophiolite complex in Oman showed a
potential storage capacity of 30 000 Gt of CO2. Multiple ophiolite complexes of
similar size exist around the world. According to Lackner et al. [72], is the car-
bonation potential of serpentine in the US estimated at 4600 Gt of CO2 and this
would be sufficient to store the CO2 emissions in the US for several hundreds of
years. Although a complete carbonation of the igneous rock deposits mentioned
above is unlikely, the examples still illustrate there are more than sufficient mineral
deposits available for carbonation.
However, to cope with the annual CO2 emissions, which are currently about
34.5 Gton of CO2 worldwide [73], the amount of minerals that need to be extracted
from the earth’s crust for ex-situ carbonation are immense. The size of the mining
industry related to the CO2 carbonation raises strong questions about the environ-
mental impact and the cost of such operations and therefore about the feasibility
of such projects [74]. Furthermore, due to the size of these operations, transport of
suitable minerals is limited for large scale sequestration projects. Which in its turn
restricts the location of the potentially suitable mineral deposit to the vicinity of
large CO2 emission sites. An overview of suitable mineral deposits, located within
close vicinity of industrial plants which emit more than 1 Mt of CO2 annually, is
given by Picot et al. [75].
2.2.2 Industrial alkaline waste
An alternative source of materials for mineral carbonation are alkaline solid residues
from industrial activities. These industries are mainly steel manufacturing, cement
production, energy production and mining activities. A list of suitable alkaline
wastes can be found in table 2.2. Alkaline solid residues have some advantages
as opposed to natural occurring minerals. (1) The residues are generally more
reactive than natural minerals and often have a small particle size making them al-
ready suitable for carbonation. This results in more moderate reaction conditions
(lower temperature and pCO2) for the carbonation process and reduced prepro-
cessing costs like grinding [76]. (2) Various studies show that the carbonation
has a positive impact on the environmental properties of the residues, especially
with respect to the leachability of heavy metals [51, 52, 77–79]. (3) Most of these
residues are directly related to, and therefore available near, CO2 emission sources
like solid waste incinerators and power, cement and steel manufacturing plants.
The potential of these residues is however not comparable to the vast potential
of natural mafic and ultramafic mineral and rock deposits. The annual production
of these residues is in the order of a few hundred Mt worldwide and part of these
residues are currently already reused or recycled [6]. In the case of iron and steel-
making slags, the worldwide production is estimated between 260 and 320 Mt for
iron making slags and between 170 and 250 Mt for steel-making slags based on
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Table 2.2: solid alkaline residues suitable for carbonation. Adapted from Olajire [18].
Alkaline residue Industrial sector Reference
Steel-making slag Steel manufacture [14, 53, 77, 80–85]
Mine Tailings Mining [86]
Biomass ash Energy production [87]
Bottom ash Energy production [87]
Fly ash Energy production [88, 89]
Air pollution control (APC) residue Waste [90, 91]
MSWI ash Waste [87]
Cement kiln dust Cement production [87]
the annual steel and iron production [92]. A large part of these slags, especially
blast furnace slags, are reused in the construction sector (section 1.2). This indi-
cates that, with a worldwide CO2 emission of about 34.5 Gton per year [73], the
carbonation of alkaline solid residues is not a global solution, but rather a local
solution for the CO2 emission of the related industrial sectors.
An overview of the chemical composition of different alkaline waste products
is given in figure 2.2. The chemical composition can indicate the CO2 reactivity
of the alkaline waste material [6]. In general, it can be stated that waste materials
with a higher CaO content have a higher reactivity to CO2. In this case MSWI
fly ash or APC residues display the highest CaO and MgO content. Research by
Prigiobbe et al. [90] and Baciocchi et al. [91] on APC residues illustrated that
these waste materials were very reactive and could even react directly with CO2
without the addition of any water. It must be stressed however that, apart from
the chemical composition, the mineralogical composition and the grain size are
also very important properties when considering CO2 reactivity. The reactivity
of steel slags is often associated with the amount of pure oxide phases like CaO
or MgO present in the slag, as these phases will hydrate and spontaneously react
with CO2. The mineralogy, or more importantly the lack of crystalline phases is
also an important factor controlling the reactivity. When the slag is slowly cooled,
crystals are able to form and in the presence of sufficient SiO2, Ca and Mg will be
bound in the crystallized silicate minerals. When the slag is rapidly cooled, like in
the case of Granulated Blast Furnace Slag (section 1.2), fine grained amorphous
grains are generated. These amorphous granulates have hydraulic properties, as
opposed to the crystalline slag phases, and will react spontaneously with water and
CO2, making these highly reactive slags suitable as cement binder. The reactivity
of the crystalline slag phases, where Ca and Mg are bound in silicates, is also
proportional with the Ca/Si ratio of the silicates [93]. More Si-rich slags, like
stainless steel slags (AOD and some EAF), will be less reactive than more Ca-rich
slags like BOF slags.
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Figure 2.2: Normalised CaO/MgO SiO2 Al2O3/Fe2O3 phase diagram of various types of
alkaline waste (Adapted from Pan et al. [5] and data added from table 1.2,1.3 and 1.4).
2.3 Mineral carbonation process routes
An overview of the different process routes for accelerated ex-situ mineral carbon-
ation is illustrated in figure 2.3 and this overview is largely based upon the classi-
fication from Pan et al. [5] and Baciocchi et al. [6]. In this classification the accel-
erated mineral carbonation processes can be divided into two main routes: direct
carbonation and indirect carbonation. Direct carbonation comprises all processes
where carbonation takes place in a single step. In the indirect carbonation process
on the other hand, the reactive components, alkaline earth metals, are extracted
from the mineral matrix and subsequently carbonated in a separate step.
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Figure 2.3: Main process routes for accelerated mineral carbonation. Adapted from Pan et
al. [5] and Baciocchi et al. [6].
2.3.1 Direct carbonation
Direct carbonation covers all processes of mineral and alkaline waste carbona-
tion occurring in a single step [5]. This process can either be a direct interaction
between the CO2 gas and the solid mineral matrix, which is often referred to as
gas-solid or dry carbonation. Aqueous carbonation, on the other hand, is the pro-
cess where CO2 reacts directly with an alkaline liquid or with a mineral solid in
the presence of a liquid.
Dry routes
Gas-solid carbonation is the direct carbonation of solids (oxide or silicate minerals)
to carbonate using gaseous or supercritical CO2. This method was first proposed
by Lackner [60] and preferred over other routes due to the inherent simplicity.
The carbonation reaction is thermodynamically favourable and the heat produced
by the exothermic reaction can immediately be applied to enhance the reaction.
Despite the potential heat from the reaction itself, are the reaction kinetics still
very slow and this is especially the case for silicate minerals [41]. A substantial
amount of energy is needed (high pCO2 and very high temperature) to make the
direct gas-solid carbonation of any practical use for mineral carbonation. Due to
the slow reaction kinetics most research for mineral carbonation shifted towards
aqueous processes in recent years. However, in 2008, research by Zevenhoven et
al. [94] illustrated the potential for a multi-step gas-solid carbonation method for
MgO-based minerals. Direct gas-solid reactions can however be applied to fine
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grained residues with a high CaO/MgO content (figure 2.2) and where the CaO
and/or MgO mainly occurs in the (hydr)oxide phase like lime and portlandite.
Research by Prigiobbe et al. [90] and Baciocchi et al. [91] on APC residues and
by Rendek et al. [95] on MSWI bottom ash, illustrated the feasibility of direct
gas-solid carbonation of residues.
Aqueous routes
Direct aqueous carbonation assumes different reactions taking place in a single
reactor at the same operating conditions [6]. The phases involved in the reactions
are water, the source material (natural silicate minerals or alkaline solid residues)
and CO2. When CO2 is added to a reactor, which is filled with source material and
water, the CO2 will dissolve in the water phase, lowering the pH of the solution.
CO2 + H2O −−⇀↽− H2CO3
H2CO3 −−⇀↽− H+ + HCO3−
HCO3
− −−⇀↽− H+ + CO32−
(2.2)
Secondly, dissolution of the source material will consume protons and release di-
valent cations (Me), increasing the alkalinity and pH [59].
MexSiyOx+ 2y − t(OH)2t + 2xH
+ −−⇀↽− xMe2+ + y SiO2 + (x+ t) H2O
(2.3)
Finally the rise in pH and alkalinity leads to the precipitation of solid carbonates
[59].
xMe2+ + xCO3
2− −−⇀↽− xMeCO3 (2.4)
Aqueous carbonation of natural minerals. Direct aqueous carbonation stud-
ies on natural minerals like olivine, serpentine and wollastonite [96–98] have shown
that silicate dissolution (equation 2.3) is the rate limiting step of the whole process,
especially for Mg-bearing minerals [6]. For this reason, efforts concerning the op-
timization of the whole direct aqueous carbonation process have mainly focused on
fully understanding reaction mechanisms and kinetics [59, 66, 68, 96, 97, 99–106]
and on accelerating the dissolution of silicates [66, 98]. In general it can be stated
that elevated pressure and temperature conditions enhance the direct aqueous min-
eral carbonation [107]. Increasing temperature, decreases the solubility constant
of Ca/Mg-carbonates and thus increases precipitation and increasing temperatures
also promote the dissociation of aqueous CO2 to bicarbonate and carbonate (equa-
tion 2.2) [107]. The overall dissolution of CO2 is however inversely proportional
with temperature, but the dissolution can be increased by increasing the pressure.
An optimum between pressure and temperature therefore needs to be found for
each source material.
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Other important factors that influence mineral carbonation, especially dissolu-
tion, are the reactive surface area, the chemical composition of the solution and the
possible formation of passivating layers. Increasing the surface area and therefore
dissolution of silicates, can be achieved by chemical or physical pretreatment of the
source materials and by reducing the grain size (grinding). Passivating layers, that
form due to incongruent dissolution of silicates, slow down the carbonation reac-
tion or even inhibit carbonation reactivity of the silicate. These layers are however
often very brittle and can be removed by processes like abrasion during carbona-
tion (particle to particle interactions) [66] or by ultrasonic treatments [108]. The
composition of the solution is also an important parameter for mineral dissolution
and the addition of salts [96] or other additives [109] can enhance dissolution. The
most influencing factor of the solution is however the pH and dissolution of sili-
cates increases with decreasing pH [99,104,106]. Although low pH conditions are
beneficial for the dissolution reaction (equation 2.3), it is detrimental for carbon-
ate precipitation (equation 2.4) [6]. For this reason, indirect aqueous carbonation
schemes, like the pH swing method [109], were developed.
Aqueous carbonation of alkaline solid residues. Optimizing the carbona-
tion reaction rates of natural silicate minerals to industrial acceptable time periods
requires additional (pre)processing steps (e.g. crushing, heat treatment, additives,
stirring, pressurization). These (pre)processing steps are often very energy in-
tensive and/or expensive and this is preventing the large scale implementation of
carbonation of natural minerals as a sequestration solution [110,111]. A more suit-
able alternative for direct aqueous carbonation are alkaline solid residues. Chem-
ically, these by-products are composed of Ca/Mg oxides, hydroxides and/or sili-
cates, which are often less stable than their natural counterparts. The particle size
of the solid residues is often smaller and readily suitable for carbonation, which
reduces or even eliminates (pre)treatment of the material [76, 78].
Most research concerning direct aqueous carbonation is performed in a slurry
phase applying a liquid to solid (L/S) ratio above 2 [6]. Slurry phase carbonation is
often performed on lower reactive silicate minerals and alkaline residues where Ca
and/or Mg are mainly present in the silicate phase. These slurry phase carbonation
experiments are applied at a wide range of experimental conditions and different
materials in order to maximize the CO2 conversion and fixation. An overview of
the different studies can be found in the review papers by Huighen and Comans
[17], Sipila et al. [112], Pan et al. [5], Olajire [18], Bodor et al. [110] and Baciocchi
et al. [6].
In the Wet phase direct aqueous carbonation route, the amount of water is lower
compared to the amount of solid and the L/S ratio is generally between 0.1 and
1 [6]. This method is also referred to as the thin-film method [53] and often serves
multiple goals, like stabilization of the residues or reducing their environmental
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impact, apart from the maximizing CO2 consumption and sequestration potential.
This approach can improve the value of waste products making mineral carbona-
tion more economically feasible and therefore fits better in a CCUS mindset. CO2
is put to good use by, for example, lowering heavy metal leaching in stainless steel
slag, before being permanently sequestered.
Johnson et al. [113] carbonated stainless steel slag at a pCO2 of 3 bar for 1 hour
to increase its compressive strength from 0.6 to 10 MPa, while consuming 180g
CO2 per kg steel slag. Quaghebeur et al. [81] carbonated stainless steel slag and
LD slag to develop high strength building materials without the addition of any
binders. The building materials had a compressive strength up to 55 MPa, showed
good environmental properties and consumed 180 to 200 g/kg CO2 after 16 hours
at a pCO2 of 20 bar and a temperature of 140
◦C. Baciocchi et al. [83] studied the
carbonation kinetics of EAF and AOD steel slags at 50 ◦C and an L/S of 0.4 and il-
lustrated that the reactivity of Ca silicate phases increased, resulting in higher CO2
consumption. Van Zomeren et al. [82] studied steel slag at atmospheric pressure in
a column carbonation experiment in order to reduce the leaching behaviour of the
steel slag, rather then consuming CO2. Wet phase carbonation has also been ap-
plied on other waste residues like cement kiln dust [114], paper mill waste [115],
MSWI bottom ash [116] and coal fly ash [88].
2.3.2 Indirect carbonation
Indirect carbonation covers all process where alkaline earth metals are first ex-
tracted from the mineral matrix and subsequently carbonated [5]. A high disso-
lution rate of silicates is often achieved in low pH conditions and at these con-
ditions precipitation is often not possible. Park et al. [109] therefore developed
the pH swing method for serpentine carbonation. First the serpentine minerals
were dissolved in a solution of weak acids and chelating agents, which resulted
in a Mg- and Fe-rich solution. By raising the pH stepwise, first iron oxide was
precipitated, followed by nesquehonite (MgCo3(H2O)3) at a higher pH. A similar
study by Teir et al. [117] illustrated almost complete carbonation using indirect
methods, but despite the efficiency (80 to 90%), the major drawbacks were a high
energy consumption and low recycling potential for the acid and basic reagents.
These drawbacks need to be dealt with in order to make these indirect processes
feasible.
In recent years, some applications of indirect carbonation shifted from purely
maximizing CO2 consumption to utilization of the indirect mineral carbonation in
CCUS projects. Because Ca and Mg can be selectively extracted into a solution,
highly pure carbonates can be generated without interference from other elements
like iron or silica. Precipitated calcium carbonate (PCC), which are highly pure
calcite crystals, can be produced from steel slags by means of indirect carbonation,
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consuming CO2 and generating economical valuable products [54, 80, 85]. An
overview of other indirect carbonation processes can be found in the review papers
by Huighen and Comans [17], Sipila et al. [112], Pan et al. [5], Olajire [18], Bodor
et al. [110] and Baciocchi et al. [6].
2.4 Steel Slag Carbonation
In this research fine grained residues from steel manufacturing, LD and stainless
steel slag, are being carbonated to generate high strength building materials. The
fine grained steel slag is carbonated by applying a direct aqueous carbonation route
with an L/S below 0.2 l/kg and can therefore be regarded as a wet phase or thin
film carbonation process. The aim of the wet carbonation process is twofold: (1)
generating strength by precipitating carbonate between the steel slag grains and
(2) consume CO2 by precipitating carbonate.
2.4.1 Mechanisms of accelerated carbonation in solid residues
As discussed in section 2.3, mineral carbonation is in essence a reaction where an
acid is neutralized by a base, which is in this case carbonic acid and the alkaline
mineral. Pan et al. [5] proposed four different mechanisms for the carbonation
of alkaline solid residues (figure 2.4). (1) Dissolved CO2 diffuses in the waste
particle and the conversion to carbonate occurs inside the particle. (2) Divalent
metal ions (Ca or Mg) are leached from the particle. At the surface of the particle
these ions react instantly with the dissolved CO2 surrounding the particle, resulting
in the precipitating of carbonate around the alkaline waste particle. (3) Ca or Mg
ions are leached from the particle, but do not precipitate instantly at the particle
surface. The divalent ions accumulate in the bulk solution where they can react
with dissolved CO2 and precipitates. (4) When carbonate precipitates from the
bulk solution it will attach to the waste particle.
Which accelerated carbonation mechanism occurs, mainly depends on the type
of alkaline waste particle that is being carbonated and the reaction conditions of
the carbonation reaction. The different mechanisms can also have important impli-
cations on the extent and the rate of the reaction conditions [5]. When the transport
between CO2 and the Ca or Mg ions is inhibited, the reaction rate slows down or
stops completely. This can occur inside microporous reactive particles (figure 2.4-
mechanism 1), where the micropores are clogged by carbonate formation and dif-
fusion is inhibited. In the case of portlandite (Ca(OH)2) carbonation for example,
the original reactive component (calcium hydroxide) is 11.7 vol.% smaller com-
pared to the precipitated product (calcite) [118]. Carbonate precipitation therefore
lowers the porosity and can cause pore clogging. Other effects which can strongly
reduce the extent of the carbonation reaction is the formation of passivating layers
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Figure 2.4: Different mechanisms of accelerated mineral carbonation in alkaline solid
residues (Adapted from Pan et al. [5]).
at the outer edge or on the surface of the particle. In many silicates, Mg- or Ca-
leached layers form on the outer edge of the particle due to incongruent dissolution
of silicate mineral [59, 66, 68, 98, 100] and the resulting SiO2 layer can inhibit the
further release of Ca or Mg ions from the particle (figure 2.4- mechanism 3). A
layer of precipitated carbonate on the surface of the particle can also have an in-
hibiting effect on the carbonation reaction. When the carbonate is precipitated as a
layer of small crystals covering the entire grain, transport between the particle and
the solution is prevented and the carbonation reaction stops (figure 2.4- mechanism
2).
The habit and size of the formed carbonate crystals depends on the reaction
conditions and the composition of the solution. Carbonation experiments by Daval
et al. [59] on wollastonite (CaSiO3) at high temperature (90
◦C) and pressure
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(250 bar) conditions illustrated that large isolated euhedral calcite crystals were
formed in acid pH conditions(figure 2.4- mechanism 4), while numerous small
calcite crystals, covering the wollastonite grain, precipitated at circum-neutral pH
conditions (figure 2.4- mechanism 2). These examples illustrate that the carbon-
ation of alkaline solid wastes is not a straightforward process and highly depends
on the properties of the different phases and the reaction conditions.
2.4.2 Steel slag carbonation
The process used in this thesis to generate high strength building materials by
carbonating fine grained steel slags (LD and Stainless steel) is illustrated in figure
1.5. This process starts with fine grained (stainless) steel slag, which generally has
a finer particle size compared to normal steel slag, as it was ground in order to
recover valuable metals from the waste. The steel slag is wetted and compacted
into a mould which has the shape of the desired building block. The water is
added to facilitate compaction into the mould, by reducing the internal friction
between the individual slag grains, and is also essential in the carbonation process
following the compaction. The amount of water varies around an L/S of 0.1 l/kg
and the carbonation of the compact can hence be regarded as a wet or thin film
carbonation route (section 2.3). After compaction, the building block is placed
in a reactor and exposed to a increased temperature and pCO2 conditions, during
which the mineral grains of the steel slag react and carbonate is precipitated to
generate strength in the compact.
The carbonation of alkaline wastes is not a straightforward process and is
highly dependent on the reaction conditions and the properties of the different
phases. The properties of steel slags can vary greatly depending on the steel-
making process and the furnace where the slag originates from (section 1.2). The
main chemical components of LD slag are CaO (40-50 %), SiO2 (11-18 %), FeO
(20-30 %) (table 1.2) and common mineral phases are dicalcium silicates, trical-
cium silicates and oxides like srebrodolskite, spinel, wustite, lime and periclase.
In stainless steel slag (AOD and some EAF slags), CaO and SiO2 are the main
chemical compounds and the SiO2 content is much higher making the slag more
acid. The most common minerals in SiO2-rich, high alloy EAF slags are silicates
like bredigite, merwinite, akermanite, gehlenite, cuspidine and oxides like spinel,
periclase and lime. In AOD slags these minerals are ingsonite, larnite, merwinite,
melilite, fluorite, spinel, lime and periclase (MgO). The amount of lime in LD
slag can be quite high (around 10%), while this is much lower in stainless steel
slags. The chemical and mineralogical composition of LD slag and stainless steel
slag are very different, however looking at the potential materials suitable for min-
eral carbonation we can distinguish two important phases: free lime (CaO) and
Ca(Mg)-silicate phases. Free lime is more abundant in LD slags and this phase
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reacts with water to form portlandite (equation 2.5); portlandite is highly reactive
and reacts spontaneously with CO2 (equation 2.6).
CaO + H2O −−→ Ca(OH)2 (2.5)
Ca(OH)2 + C2O −−→ CaCO3 + H2O (2.6)
Apart from porlandite carbonation, which is a cementitious reaction, other hy-
drated compounds like calcium-silicate-hydrates(C-S-H) can react with CO2 [5].
Calcium silicates in the slags could potentially hydrate and react with CO2 to form
carbonate and solidify. The latter is a pozzolanic reaction which is common in
other alkaline solid residues like fly ash. Some pozzolanic effects have been de-
tected by Shen et al. [35] in AOD slags but are absent in EAF slags. A study by
Muhmood et al. [119] about the cementitious and pozzolanic behaviour of EAF
slag showed that EAF slag is mostly crystalline and has a low tendency to hydrate.
When the slag was molten and quenched with water to induce fast cooling, the
resulting amorphous slag had a high tendency to hydrate and afterwards react with
CO2. This indicates that the crystalline silicate minerals phases in stainless steel
slag have no cementitious or pozzolanic properties.
Boone et al. [14] showed that the silicate minerals can react similar to other Ca-
or Mg-silicates with the formation of a leached zone SiO2 rich (equation 2.3) and
the precipitation of carbonate around the grain (equation 2.4). The silicate carbon-
ation reaction is however much slower compared to the carbonation of CaO and
the general carbonation reaction of steel slag can therefore be divided in two steps:
(1) the fast carbonation of free lime or portlandite and (2) the slower carbonation
of the silicate minerals.
A general overview of the interactions between steel slag and CO2, with a focus
on strength development in the compacted material, is given below. A pore scale,
simplified illustration of the compacted and wetted steel slag is given in figure 2.5.
In this illustration only 2 reactive mineral phases are regarded: crystalline Ca rich
silicates and free lime. The free lime content is only significant in LD steel slags, in
stainless steel slag the amount of free lime is negligible. In the general overview it
is however included for reasons of completeness. Only crystalline Ca-rich silicate
were considered, as these are the primary phases formed during slow cooling of
the (stainless) steel slags.
Hydration
Before compaction, the steel slag grains are wetted to a L/S ratio of 0.1. After
the compaction, the water phase will be the wetting phase and will develop a film
around the slag grains. The water phase will be in chemical imbalance with the
steel slag and earth alkaline phases will dissolve into the water. When CaO is
present in the slag, it will dissociate in Ca2+ and OH– (equation 2.7), strongly
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Figure 2.5: Hydration of free lime in the slag compact before carbonation.
raising the pH of the solution. When CaO or MgO is absent in the slag, which is
the case in most stainless steel slags, other Ca-rich silicates like C2S can dissolve.
The dissolution of larnite is illustrated in equation 2.8, and this also releases Ca2+
and OH– free in the solution, rendering the solution around the mineral grains more
basic [5].
CaO + H2O −−→ Ca2+ + 2 OH− (2.7)
Ca2SiO4 + 2 H2O −−→ Ca+2 + H2SiO4 + 2 OH− (2.8)
Apart from dissolution, the CaO, if present in the slag, will hydrate to form Ca(OH)2
(equation 2.5). In figure 2.5 the hydration reaction occurring before carbonation
is illustrated. The solution in contact with the steel slag compact will become
strongly basic before CO2 injection and the CaO in the slag will partly dissociate
to equilibrate with the solution, while the remainder will transform in portlandite.
First phase of carbonation
After hydration the compact is placed in the reactor and exposed to increased pres-
sure (pCO2 around 20 bar) and temperature. When gaseous CO2 is injected, it
will dissolve in the water between the steel slag grains. The dissolved CO2 will
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Figure 2.6: Dissolution of CO2 into the water, carbonation of portlandite and leaching of
Ca into the water.
lower the pH by forming carbonic acid (H2CO3), which will dissociate in the water
(equation 2.2) and this is strongly dependent on the pH of the water. In strongly
basic solutions (pH >12), the dissociation to H+ and CO3
2– will be dominant and
the solution will be enriched in carbonated ions [120]. At lower pH condition the
formation of bicarbonate HCO3
– will dominate. The amount of CO2 that can dis-
solve into the solution depends on the temperature and the partial pressure of CO2.
A high pCO2 will increase the amount of CO2 dissolved in the solution, while
higher temperatures will reduce the amount of dissolved CO2.
Due to the dissolution of CO2 into the solution, the dissolved Ca
2+ will react
with CO3
2– to precipitate calcium carbonate. The portlandite in the compact will
also react with the dissolved CO2 and will form calcite and water (equation 2.6).
These reactions will consume the dissolved (bi)carbonate, which will allow further
dissolution of CO2 into the water. The pH of the solution will drop with the disso-
lution of CO2 and the formation of carbonic acid, which in turn will increase the
leaching of Ca2+ from the silicate phases. The dissolution of CO2 into the solution
and the carbonation of portlandite (orange) to calcite (red) is illustrated in figure
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2.6. The leaching of Ca2+ from the silicate grains (grey) will result in a depletion
of Ca in the outer rim of the silicate.
Figure 2.7: Further carbonation of the compact with leaching of Ca into the water
resulting in the formation of an amorphous SiO2-rim and precipitation of carbonate.
Second phase of carbonation
According to figure 2.4, the precipitation of the leached Ca2+ ions can follow dif-
ferent mechanisms. Calcite can crystallize immediately at the surface of the grain
or the Ca2+ ions can leach into the bulk solution and be transported to precipitate in
an other location. Where calcite will precipitate will mainly depend on the chem-
ical properties of the solution and is essential in the strength development of the
compact. In the general illustration of the carbonation reaction in the compact (fig-
ure 2.7), crystallization of calcite (red) at the surface was suggested, together with
the formation of a Ca-depleted amorphous silica rim. These mechanisms were
preferred in the general overview due to the similarities of the silicates in the slag
with wollastonite (CaSiO3). In the research of Daval et al. [59], the carbonation
of wollastonite resulted in large isolated calcite crystals in circum-neutral condi-
tions, while a rim of small crystals were formed around the grain in more basic
conditions. This suggests that in basic condition, Ca2+ and CO3
2– ions will be sat-
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urated with respect to calcite and crystals will easily nucleate and precipitate. In
more neutral conditions, the solution will be less saturated with respect to calcite,
Ca2+ ions diffuse into the solution and growth of crystals is promoted. Further
research about the location of carbonate precipitation in real steel slag compacts is
discussed in chapter 4. In figure 2.7, the precipitation on the surface of the grain
will reduce the porosity of the compact, but will also generate strength as it will
bind the grains together at the grain contacts.

3
X-ray computed microtomography
High strength building materials can be made by carbonating fine grained steel
slag compacts at accelerated temperature and CO2 pressures. The processes be-
hind the strength development, mineral carbonation, are discussed in chapter 2. To
improve the quality and sequestration potential of the building materials, it is es-
sential to obtain a better understanding about the carbonation process in the build-
ing block. Although large blocks can be made, the processes which are essential
for the strength development occur at the pore scale. The carbonation processes
are an interplay between the minerals and amorphous phases in the steel slag, CO2
and water inside the pores of the compact and the strength is developed by the
precipitation of carbonate in the pores.
The main research technique used in the course of this research is X-ray com-
puted microtomography (µCT). This technique allows the visualization of the in-
ternal structure of an object with a micrometer resolution in 3D and in a non-
destructive manner. This technique allows us to look inside the pores of the com-
pact to investigate the result of the carbonation. Due to the non-destructive nature
of the technique, these carbonation processes can also be monitored through time.
This chapter provides a brief introduction to µCT, with some fundamentals
(section 3.1) and limitations of the technique (section 3.2). Section 3.3 summa-
rizes the different µCT scanner set-ups that were used in the research, with their
specific characteristics and their advantages. In this research some important ad-
vances were made in the field of µCT, especially with regards to in-situ and dy-
namic imaging of physicochemical processes (section 3.4 and 3.5). Because every
analysis technique has its limitations, a combination of different techniques is often
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preferred. The main limitation of µCT is the lack of direct chemical information.
The µCT results were therefore combined with other more traditional techniques
like scanning electron microscopy (SEM) in combination with energy-dispersive
X-ray spectroscopy (EDS), X-ray fluorescence analysis (XRF), X-ray diffraction
(XRD), thermogravimetric analysis (TGA) and optical microscopy.
3.1 General Overview
3.1.1 History
X-rays are electromagnetic radiation with a wavelength between 0.01 and 10 nm,
which is between ultraviolet and gamma rays (figure 3.1). Due to the large pen-
etration ability inside matter, X-rays are often used in imaging applications. The
most commonly known applications of X-rays are medical diagnostics and airport
security.
Figure 3.1: Electromagnetic spectrum.
X-rays were discovered in 1895 by Wilhelm Conrad Ro¨ntgen and the tech-
nique of radiography was quickly adopted in the medical field as illustrated in the
radiograph of a hand obtained by Wilhelm Ro¨ntgen in 1896 (figure 3.2). More than
a century after its discovery, X-ray radiography is still one of the most commonly
used techniques for medical diagnostics. A radiograph is essentially a shadow
image of an object or a projection of a 3D object in a 2D plane. These images
therefore lack any depth information about that object, which can lead to misinter-
pretations when analysing the radiograph.
Computerized transversal axial scanning tomography (CAT or CT) was devel-
oped by Hounsfield [121] in the beginning of the seventies to overcome this lack
of depth information [122]. CT combines information from a multitude of radio-
graphs taken at various angles around an object and from this data, absorption
values of the object are calculated to obtain a 3D representation of the internal
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Figure 3.2: An early X-ray radiograph taken by Wilhelm Ro¨ntgen of Albert von Ko¨lliker’s
hand [7].
structure. The technique was specifically designed for the human body and was
quickly widely adopted in the medical field [123]. Due to the unique ability to
obtain reliable 3D information inside otherwise non-transparent objects, medical
CT systems were adopted in many other scientific fields.
The first geological applications for CT were mainly driven by the non-destructive
property to visualize the internal structure of unique and irreplaceable samples like
fossils [124, 125] and meteorites [126]. The high temporal resolution made the
technique also of interest in the petroleum industry where dynamic flow studies
were performed on reservoir cores [127, 128]. Medical CT systems are however
inherently designed for human patients and not for geological objects like rocks
or sediments. One of the main limitations of the medical systems applied in the
field of geoscience is the low spatial resolution, which is, in modern day systems,
around 250 µm. At these resolutions a general overview of geological samples and
features like faults, sedimentary structures, density variations and fluid occupancy
can be visualized and analysed. Smaller features like the shape and size of indi-
vidual pores, minerals or grains are however mostly impossible to discriminate.
The need for higher resolution initiated a new research field: High Resolu-
tion X-ray Tomography (HRXCT) or X-ray computed microtomography (µCT).
In the past two decades µCT systems, both synchrotron and lab-based systems,
have drastically improved in both spatial and temporal resolution. The resolution
of µCT systems is normally in the range of 100 µm to 1 µm, but higher resolution
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up to 50 nm are feasible in some lab-based systems and even higher in synchrotron
systems. More information about the applications of X-ray tomography in the field
of geoscience can be found in the review papers by Ketcham & Carlson [129],
Wildenschild & Sheppard [130] and by Cnudde & Boone [131].
3.1.2 µCT fundamentals
X-ray attenuation.
When a beam of X-rays passes through a homogeneous material, the beam will
interact with the materials and a portion of the primary X-rays will be absorbed or
scattered. Monochromatic radiation with an incident intensity I0 passing through
a material with a thickness T will attenuate to a transmitted intensity I according
to the Lambert-Beer equation 3.1.
I = I0e
−µT (3.1)
where µ is the material specific linear attenuation coefficient. Most objects, espe-
cially in geoscience, consist of multiple materials and therefore the more generic
form of Beer’s law is applied (equation 3.2). In this equation the integral is taken
over the X-ray path s, with µ(s) as the local linear attenuation coefficient.
I = I0e
− ∫
T
µ(s)ds (3.2)
As stated before, the Lambert-Beer law is only valid for a monochromatic X-ray
beam. Almost all current lab-bases µCT systems have however an X-ray source
that produces a polychromatic X-ray beam, which will influence the attenuation
coefficient and can induce artefacts in the resulting 3D image (see section 3.2).
The linear attenuation coefficient µ depends on the density of the material, the
chemical constitution of that material and the energy of the radiation. Several
interactions between the X-ray beam and the radiated material are possible and
these will determine the attenuation coefficient [8]. The most relevant interactions
for X-ray imaging include photoelectric absorption, Compton scattering, Rayleigh
scattering and these are illustrated in figure 3.3. At very high energies (>1 MeV)
other interactions like pair production and nuclear reactions can occur between
the X-ray photons and atoms of the radiated material, but these interactions are not
relevant to X-ray imaging and will not be considered in this work.
Photoelectric absorption. This effect can occur when a photon interacts
with an electron of an atom in the material. The photon will transfer its energy
to the electron and when this energy exceeds the binding energy, the electron will
be ejected out of the atom. The electron is preferentially ejected at the deepest
shell possible, allowed by the energy of the incident photon. When the photon en-
ergy increases, the energy will surpass the binding energy of electrons in a deeper
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Figure 3.3: Different interactions of an X-ray beam with an atom. Adapted from [8].
shell and these electrons will be preferentially ejected. This leads to absorption
edges, which are related to the binding energies of the different electron shells and
are also named after the corresponding shells (e.g. K-edge and L-edge). Binding
energies are element specific and therefore the absorption edges will be closely
related to the atomic number Z.
A second effect associated with photoelectric absorption is emission of fluores-
cent photons. When a photoelectron is ejected from an electron shell, an electron
from a higher shell will fill the gap. This electron will emit an energy, a fluores-
cent photon, which corresponds to the difference in binding energy and which will
therefore be characteristic for each element. Measuring these photons allows to de-
termine the elemental composition of unknown materials in a analysis technique
called X-ray fluorescence spectroscopy (XRF).
Compton scattering. This interaction occurs when the energy of the X-ray
photon is a lot higher than the binding energy of the electron it collides with.
Due to the large energy difference, the photon cannot transfer all its energy to the
electron. The electron will be ejected from the atom and the photon will deviate
from its original path with a lower energy. In µCT imaging, Compton scattering
is relevant for elements with an atomic number below oxygen (<8) and for higher
elements when the energy is above 10 KeV [9].
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Rayleigh scattering. Rayleigh scattering or elastic scattering is the scatter-
ing of the X-ray photon on the electron cloud as a whole. The photon losses little
to no energy, but it can significantly deviate from its original trajectory. The overall
effect of Rayleigh scattering in X-ray imaging is however negligible.
The linear attenuation coefficient (µ) is the combined result of the X-ray inter-
actions above and is therefore clearly a function of the type of material (atomic
number Z) and the energy of the X-ray photons (E). The linear attenuation coef-
ficient can be approximated as the sum of Compton scattering and photoelectric
contributions [122].
µ = ρe(a+ (
bZ3.8
E3.2
) (3.3)
where ρe is the electron density of the material, b is a constant and a is a factor
which is weakly dependent on the energy.
ρe = ρ
Z
A
NA (3.4)
The electron density is a function of the density of the material ρ, the atomic
number Z, the atomic weight A and the number of Avogadro NA. For low X-
ray energies (50-100 KeV) photoelectric absorption is the dominant interaction
between X-ray photons and matter and the attenuation will be dominated by the
elemental constitution of the matter. At higher energies, Compton scattering will
become more important and the electron density will dominate the attenuation
[122]. For the µCT experiments in this work, photoelectric absorption is the most
important interaction and the attenuation coefficient is mainly determined by the
atomic number Z. For the same material, the linear attenuation coefficient can vary
when the density of the material is different. This can for example be significant
in the case of water, water vapour and ice.
Figure 3.4 illustrates the dependency of the atomic number Z for low X-ray
energies (0-150 KeV). It shows a slice through a scanned copper ore sample where
four clearly distinguishable mineral phases are present: barite (BaSO4), chalcopy-
rite (CuFeS2), malachite (Cu2CO3(OH)2) and quartz (SiO2). The calculated linear
attenuation coefficient for two copper minerals, malachite and chalcopyrite, are
very similar over the entire energy range. In the µCT slice, which was obtained
with an X-ray tube operated at 120 KeV, these two phases are difficult to dis-
criminate purely based on the linear attenuation value. Chalcopyrite has a slightly
higher attenuation value due to the addition of the elements iron and sulphur in the
mineral. The main parameter to discriminate the phases is based on the mineral
shape. Chalcopyrite has a more nodular mineral habit, while malachite has a more
vein-like structure. The quartz minerals have the lowest attenuation over the en-
ergy range and this is reflected in the low grey value in the µCT slice. The barite
phase is the most attenuating phase in the µCT slice and is represented as bright
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Figure 3.4: Slice through µCT volume of a copper ore scanned with the X-ray tube
operated at 120 KeV and the calculated linear attenuation coefficients of the major
mineral phases.
white. In the attenuation profile, the K-edge of barium around 37.4 KeV is clearly
present and if the µCT scan would have been taken with an average energy below
this edge, barite would be hard to distinguish from the copper phases. In this case
however, the X-ray tube was operated at 120 KeV and although the beam is poly-
chromatic, the average energy is above the K-edge of barium and this is reflected
by the high contrast in the µCT image.
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The energy dependency for the attenuation coefficient for barite in figure 3.4
illustrates the potential to get chemical information from the µCT images. By
scanning the same object at different energies, the mineral characterization in the
object can be improved [132]. The dual or multi-energy approach is also applicable
when using high atomic salts as dopant for fluid distribution and flow in porous
rocks [133]. Imaging around the K-edges of popular fluid dopants like caesium
(K-edge around 36.0 KeV) and iodine (K-edge around 33.2 KeV) can drastically
improve image contrast, allowing a better phase discrimination [134].
3.1.3 µCT setup
The bare essentials of a µCT X-ray system are an X-ray source, a detector and a
motor that provides a rotational movement of the object relative to the source and
detector. In a medical CT set-up, the object or patient remains stationary and the
X-ray source and object rotate around the patient. In a typical µCT system, both
synchrotron and lab-based systems, the object rotates between the X-ray source
and the detector. This way a better mechanical stability is achieved, which is
necessary to obtain high spatial resolutions [131]. There are however some µCT
set-ups where the source and detector rotate around the sample. These set-ups are
mainly aimed at higher temporal resolutions to visualize dynamic processes or to
scan objects under external condition, where the conditioning chamber around the
sample cannot move. Examples of such a set-up and more standard µCT set-ups
are described in more detail in section 3.3.
The difference between lab-based and synchrotron X-ray systems are illus-
trated in figure 3.5. In a synchrotron µCT system (figure 3.5a), the X-rays are
generated from a synchrotron source and have a higher brilliance, which results
in a higher detected X-ray flux. The high-brilliance radiation or white beam is
polychromatic, but has a sufficient flux to pass through a monochromator, where
the white beam is decomposed into different wavelengths. The monochromator
relies on Bragg reflection to generate the desired beam energy and the resulting
monochromatic radiation can be especially useful for multi-energy scanning. The
distance between the X-ray source and the sample is quite large (several meters)
and the X-ray beam can therefore be considered as a parallel beam, which elimi-
nates cone artefacts related to the X-ray beam that often occur in lab-based set-ups
(section 3.2). After passing through the sample, the X-rays are converted to visual
light by a scintillator, which is optically magnified and detected by a CCD camera.
In a typical lab-based µCT set-up (figure 3.5b), X-rays are generated by an
X-ray tube of which the flux of the produced X-rays is much lower compared
to synchrotron systems. In most X-ray tubes, electrons are generated from an
filament (cathode) and accelerated by applying an electric field towards a target
material (anode). When the high-energy electrons hit the target material, they
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Figure 3.5: illustration of a synchrotron (a) and a lab-based (b) µCT set-up. Figure
from [9].
decelerate very fast and emit energy in the form of Bremsstrahlung. The spectrum
of the emitted X-rays is polychromatic and depends on the target material and the
accelerating voltage of the electrons. The polychromatic spectrum makes dual or
multi-energy scanning very difficult due to the range of energies that influence the
attenuation coefficient.
In order to achieve high resolutions, the focal spot size from which the X-rays
are emitted needs to be as small as possible. To create a small focal spot, the
electrons are electrostatically and magnetically focused on the target [9]. From
the X-ray source a conically shaped beam is produced which allows a geometric
magnification of the object and high resolutions can be obtained by placing the
object closer to the X-ray spot (more information about the resolution can be found
in section 3.2). This is different for parallel beam where optical magnification is
needed. The detectors in lab-based set-ups usually have a much larger surface area
and the scintillator is immediately in front of the detector.
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3.1.4 Reconstruction and image analysis
Reconstruction.
In order to go from a series of projections from different angles to a stack of slices
through the scanned object, reconstruction algorithms are needed. To obtain a re-
constructed slice through an object the filtered backprojection is used. The process
of reconstruction is illustrated in figures 3.6 and 3.7 and although all µCT scans in
this work are acquired with a lab-based cone beam system, a parallel beam set-up
is used for reasons of clarity.
Figure 3.6: Parallel beam image acquisition of a white dot for 3 views (a) and the
principle of back projection for those views, with the extension for an infinite number of
views (b). Adapted from [10].
Figure 3.6a shows how different projections are acquired from various angles
around the object, in this case a white dot. Each projection shows an attenuation
profile that contains information about the object along the X-ray path. While here
only 3 projections are shown, a typical µCT scan will use numerous projections at
slightly different angles around the object to obtain a 3D image. To get the infor-
mation about the original object, the profiles can be back projected along the X-ray
path. Each profile is smeared out in its original direction and the backprojection,
which is the sum of all those images, shows the original object. The backprojected
image shows however a star burst pattern and heavily blurred edges.
To eliminate the blurred edges in the simple backprojected image, a filter is
applied to the original projections. The filter changes the projection in 2 different
ways. First the top of the pulse is made flat, which results in a uniform signal level
within the white dot and second, negative spikes are generated at the side of the
pulse to counteract the blurring. Each filtered projection is then projected back to
obtain a correct reconstruction of the original object [10].
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Figure 3.7: Parallel beam image acquisition of a white dot for 3 views (a) and the
principle of filtered back projection for those views, with the extension for an infinite
number of views (b). Adapted from [10].
Image analysis and visualization.
Once a 3D volume of the object is reconstructed, it can be visualized using 3D
rendering software. In figure 3.9A, a 3D rendering of a scanned sandstone core
is visualized using the software package VGStudio Max. The individual grains in
the sandstone can visually be discriminated, but apart from a 3D visualization of
the internal structure, this gives little quantitative information about the sandstone.
Quantitative information from an object can be obtained by 3D image analysis
software. A general work flow for 3D image analysis is illustrated in figure 3.8.
For this analysis, the 3D analysis software package Morpho+ [135] is used, but
the work flow is very similar for other image analysis packages like Avizo Fire or
Fiji [136], which were also used in this research.
In figure 3.8A, a detail of a slice through the sandstone core is illustrated.
From this image two major phases can clearly be distinguished: a low attenuating
phase (black) which represents the air and a higher attenuating phase (grey) which
represents the grains in the sandstone. The small bright dot in the centre is most
likely a zircon crystal within one of the quartz grains. Because the attenuation
is largely dependent on the atomic number, zircon has a very high attenuation
coefficient. When necessary, filtering can be applied to this reconstructed image
to reduce noise or reduce artefacts in the image.
In order to separate a phase of interest, in this case the quartz grains in the
sandstone, a threshold operation is used, which converts the grey scale image into
a binary image (see figure 3.8B). In the binary image the quartz grains are white
and the image can further be improved (e.g. remove noise, set masks or fill holes)
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Figure 3.8: Work flow of 3D image analysis: the original image (A) is segmented based on
grey value, which generates a binary image (B). Individual grains are extracted from the
binary image using a watershed separation (C) and different parameters can be calculated
on the individual grains. In image D the grains are colour-coded according to their
maximum opening.
using different binary operations. In the binary image we can see that individual
grains are connected as one big object. We are however interested in the individual
grains and therefore an additional separation step is needed to isolate the individual
grains. This is done using a watershed based separation algorithm [137], which
separates the objects at it narrowest points. The image after separation is illus-
trated in figure 3.8C where the white lines represent the separation lines between
the grains. Once the grains are separated, numerous volume parameters can be de-
termined on the individual grains. In figure 3.8D the individual grains are colour
coded according to the size of their maximum inscribed sphere, where the largest
grains are red to yellow and the smallest green to blue. More in-depth information
about the 3D image analysis work flow can be found in Brabant et al. [135].
All the analysis steps are performed in 3D and the 2D representation in figure
3.8 can be quite ambiguous for some parameters. In figure 3.9, a 3D representation
of the grain analysis is given. Figure 3.9B represents a cubic volume of interest
inside the sandstone core. Because the grains connected to the edges of the sample
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Figure 3.9: 3D rendering of sandstone core (A) and the selection of a region of interest
which is used for further grain analysis (B). Removal of the grains connected to the edges
of the volume (C) and a colour coding of the grains according to their size (D), where red
to yellow are the largest grains and green to blue the smallest.
are incomplete, they are omitted from the 3D representation in figure 3.9C. In
figure 3.9D the grains are colour coded according to their size , where red to yellow
are the largest grains and green to blue the smallest. Apart from visualization,
numerical data is also obtained from the µCT image and the grain size distribution
can be digitally determined.
The example of the work flow above illustrates the amount of data which can
be obtained from a µCT image using 3D image analysis. µCT has a large advan-
tage compared to other traditional imaging techniques which are usually restricted
to 2D (e.g. SEM or optical microscopy using thin section), especially for fea-
tures like porosity, which is essentially a 3D characteristic and often ambiguous to
analyse from a 2D plane. Techniques like serial sectioning or focussed ion beam
scanning electron microscopy (FIB-SEM) can provide 3D information by com-
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bining multiple 2D acquisitions. The resolution in those 2D acquisitions is often
much higher compared to µCT imaging, especially for FIB-SEM, and this allows
to study nano-scale features. These techniques are however often time consuming
and destructive, but can prove to be very useful as a complementary technique for
µCT to obtain a multi-scale overview of the sample of interest.
3.2 Limitations and practical implications
In this section some limitations of µCT are discussed which can have an adverse
effect on the image quality and can also make 3D analysis difficult. When the µCT
user is not aware of these limitations, wrong conclusions can easily be drawn when
analysing the data. The main focus here is on lab-based µCT imaging, as this is
the main analysis technique used in this work.
3.2.1 Image artefacts
Image artefacts are usually caused by the imaging physics or reconstruction math-
ematics [131]. Artefacts which were encountered in the µCT images acquired in
this work are listed below and these include image noise, beam hardening, streak,
ring and movement artefacts. Other image artefacts like phase contrast at high
resolutions, secondary radiation effects and charge sharing can also occur during
µCT imaging, but these are not discussed below.
Noise
Every imaging technique is subjected to noise. In µCT, noise can have many
sources: from scattered X-ray photons which hit the detector at random locations,
to noise from the scintillator and the detector. The lower limit of the noise level
is determined by the number of detected photons and equals the Poisson noise or
photon noise [131]. In general the noise level in the image can be improved by
increasing the signal or the number of detected X-ray photons. In practice this can
be done by increasing the total number of projections, increasing the exposure time
or by increasing the number of projections at each angular interval and averaging
these out. These measures have an adverse effect on the acquisition time and the
time for each scan can therefore increase rapidly.
Image noise is also very important in differential imaging (section 3.4), when
comparing different 3D datasets in time. The non-destructive properties of µCT
allows to monitor processes in time and by subtracting the initial µCT image from a
subsequent µCT image, the changes can be visualised. When the noise level in the
individual images is high, differences can become difficult to analyse. However,
analysing dynamic processes with µCT often requires short scanning times to avoid
motion artefacts of the changing process, which inherently results in higher noise
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levels and which in turn can make analysis difficult. For dynamic scanning and
differential imaging, a proper balance must be sought between acquisition time
and desired quality or noise level of the scan.
Beam hardening
As discussed before, the X-ray source in most lab-based µCT systems emits a poly-
chromatic X-ray beam. This gives rise to artefacts due to the energy dependency
of the attenuation coefficient (equation 3.3). If the polychromatic beam passes
through the object, low energy photons will attenuate more than high energy pho-
tons. This increases the average photon energy of the X-ray beam, which is called
beam hardening. Therefore, the thicker the object, the more low energy photons
are absorbed and the lower the average attenuation will be. In a reconstruction of
a homogeneous object, higher attenuation coefficients will be reconstructed at the
edges of the object compared to the core of the sample. This results in a cupping
effect of the attenuation values, which is illustrated in figure 3.10.
Figure 3.10: Beam hardening effect on a cylindrical steel slag sample. The attenuation
appears to be higher at the rim of the sample compared to the centre. Sample diameter is 6
mm.
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This effect can be reduced by pre-hardening the beam or by correcting the
effect during reconstruction. Pre-hardening the beam can be done by filtering the
beam using a high attenuating filter to remove the low energy photons from the
beam. The filters are usually slabs of aluminium or copper with a thickness of one
to a few mm. Filtering the beam inevitably reduces the flux of the X-ray beam and
therefore reduces the signal-to-noise ratio. The effect can also be corrected during
reconstruction and one way to do this is by using a polynomial curve to remap the
projected thickness to compensate for the beam hardening effect [9].
Ring artefacts
Locally faulty high or low beam intensities in the projection images leads to ring
artefacts (see figure 3.11). These can be local defects in the detector or scintillator
and can often be reduced by taking a large number of flat-field images, which are
images without an object in the X-ray beam and compensating this in the projec-
tion images. Further reduction of the rings, if needed, can be done using software
filters.
Figure 3.11: A reconstructed slice through a pack of glass beads with ring artefacts. The
diameter of the glass beads is on average 0.5 mm.
Streak or metal artefacts
When highly attenuating phases are present in an object, dark streaks can appear
in the reconstructed cross-section (figure 3.12). These streaks are actually caused
by extreme beam hardening effects along the X-ray path passing through the in-
clusion. This is illustrated in figure 3.12, which is a core of municipal waste con-
taining dense metallic objects. The contrast between the metallic objects and the
other phases (mainly paper, plastic, wood, cardboard and rocks) is very high and
when the X-ray passes through the metallic object, only the photons with a very
high energy will be able to pass through the object. This results in a very low at-
tenuation and therefore in dark streaks in the reconstructed image. If multiple very
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dense phases are present in the sample and these objects are lined up in a certain
projection, hardly any signal will reach the detector. This leads to black shadow-
like bands or shadows connecting the dense phases. These artefacts are very hard
to correct due to the lack of information in the shadow zones. It is however possi-
ble to significantly reduce these effects using other reconstruction algorithms like
SART [11].
Figure 3.12: Streaks around dense metal objects inside municipal waste. sample diameter
is about 10 cm.
Cone beam artefacts
Most lab-based µCT systems have an X-ray tube that emits a conical X-ray beam,
which also allows for a geometrical magnification of the scanned object. Each
radiograph acquired during rotation is essential a shadow image from the sample
and this means that in the top and the bottom zone of the scan, information is
lost to some extent due to incomplete sampling in these zones. These are often a
problem when investigating objects containing layered structures and surfaces, as
these surfaces will appear blurry or seemingly deformed [131]. This is illustrated
in figure 3.13A where blurring occurs at the supposedly sharp interface between
the liquid and the gas in the scanned soda can [11]. Cone-beam effects can also
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be reduced by moving the detector further away from the source, but this reduces
the intensity of the X-beam and therefore increases acquisition time to obtain the
same level of statistical information. The user should be aware of these effects
during acquisition and when analysing structures or objects in the sample away
from the central plane of the scan of that object. Cone-beam artefacts can also be
reduced or omitted by performing helical scanning or after acquisition by iterative
reconstruction algorithms. A helical scan of the soda can is illustrated in figure
3.13B and displays a sharp interface between the liquid and the gas without cone-
beam artefacts [11].
Figure 3.13: Top part of a soda can in a normal cone-beam scan (A) and a helical
cone-beam scan (B). The images represent a vertical slice through the centre of the can.
Figure from De Witte [11].
Movement artefacts
Movements during the acquisition of the radiographs leads to artefacts or blurring
in the reconstructed image. These movements can have different origins like sam-
ple movement, vibrations of the set-up, thermal expansion or movements of the
X-ray spot. Most of these movements become apparent at high resolutions, when
the slightest change can be detected. Movements of the X-ray spot occur due to
instabilities of the electron beam, which causes a drift of the spot inside the X-ray
tube. This drift should be avoided by re-centring, but can also be compensated
for in the reconstruction, as this is often a continuous movement. Vibrations are
specific to the set-up and should be avoided in the set-up design.
Thermal expansion of the X-ray tube can also be noticed at very high resolu-
tions. The production of X-rays from electrons hitting a target is not the most effi-
cient process and a lot of heat is generated during X-ray emission. When switched
on, a tube can easily heat up from room temperature to 70 ◦C over time, which can
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cause an expansion of the metallic X-ray tube itself. The effect of expansion can
be compensated by simply waiting for acquisition until the tube is at the correct
temperature. This is however very time consuming. Therefore, the thermal expan-
sion can be counteracted by mechanically cooling the X-ray tube. The vicinity of
a heating X-ray source near the sample can also cause sample movements, espe-
cially for polymers or samples that change due to dehydration. Sample movement
can mostly be avoided by a thorough sample preparation.
Figure 3.14: Movement of water (spirals) between the grid cells of a 3D printed structure
during the scan acquisition.
When visualizing dynamic processes however, we want to see changes in the
sample. The acquisition time of the µCT data has to be well below the temporal
resolution of the process to avoid movement artefacts. This is illustrated in figure
3.14, where water uptake inside a 3D printed fibre structure is visualized. The fibre
structure, the most attenuating phase, remains unchanged and its edges are sharp
in the reconstruction. The water phase in between the fibres is very blurry and this
is caused by its movement during the scan. Visualizing dynamic processes often
requires fast acquisition, which is in turn often detrimental for the quality of the
images.
3-20 CHAPTER 3
3.2.2 Resolution
Spatial resolution
Resolution is one of the most important parameters in µCT imaging, especially
when performing 3D image analysis on the µCT data. A poor understanding of the
limitations of the resolution can easily lead to wrong conclusions about properties
of the scanned object. The spatial resolution of a lab-based µCT set-up with a
cone-beam X-ray source is determined by the spot size of the X-ray tube, the pixel
size on the detector and the magnification according to the relation in equation 3.5.
Figure 3.15: Effect of the spot size of the X-ray tube, with blurring at the edges of the
projected image if the spot size is too large. Adapted from [8].
R =
d
M
+ (1− 1
M
)s (3.5)
where R is the achievable resolution, s the spot size of the X-ray tube, d the pixel
size of the detector and M the magnification. To achieve high resolutions the spot
size needs to be as small as possible. When the sample is close to the spot, not only
the sample is magnified on the detector, but also the spot itself. This is illustrated
in figure 3.15, where blurring at the edges of the projected image on the detector
can be expected when the spot size is too large.
The magnification M is related to the position of the sample relative to the
location of source and detector. The SDD is the distance between the source and
the detector, while the SOD represents the distance between the object and the
detector (equation 3.6).
M =
SDD
SOD
(3.6)
So when the object is placed closer to the X-ray source, the magnification will
become larger (figure 3.16). To get the highest magnification, the object has to be
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Figure 3.16: Illustration of geometrical magnification in a cone-beam µCT set-up.
placed as close as possible to the source. However, the object itself has a certain
size and to completely visualize it, it needs to rotate within the cone-beam during
the µCT acquisition. The size of the object therefore limits the SOD and thus the
magnification. This implies that high resolutions can only be obtained for small
samples. In the lab-based µCT systems at the UGCT the resolution of the µCT
images is about a thousand times smaller than the diameter of the sample. Hence,
a resolution of 1 µm is only achievable on a sample with a diameter of about 1 mm.
This is of course a general rule of thumb and varies from set-up to set-up and from
sample to sample. It is however also possible to perform a scan if the sample is
too close to the source to be completely visualized. When the sample rotates, only
a region inside the sample is covered and this region can be visualized at a higher
resolution. The sample however has to be able to rotate in order to perform such a
region of interest scan.
The voxel size of a µCT image is commonly referred to as the spatial resolution
of the reconstructed volume, but these two denominations are not necessarily the
same. It is for example perfectly possible to put a small object (e.g. 2 mm in
diameter) very close to the X-ray source to get a high voxel size (e.g. 2 µm) in the
reconstructed image. When this X-ray source has a spot size larger than the voxel
size (e.g. 5 µm), the spatial resolution will be limited to the size of that spot and
the spatial resolution will be larger than the apparent resolution obtained from the
voxel size in the reconstructed image.
Partial volume effect
The greyscale volume is a discrete representation of a real world object and this
poses several limitations. All features which are smaller than the voxel size cannot
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be distinguished separately on the reconstructed dataset. However, every element
inside the voxel contributes proportionally to the overall attenuation value of that
voxel, which is referred to as the partial volume effect. In figure 3.17a the partial
volume effect is illustrated by means of a SEM image, which has a pixel size of
2.7 µm. This image has been re-sampled to a lower pixel size of 27 µm in figure
3.17b.
The SEM image represents the high-resolution detail of the pore space in a car-
bonated stainless steel slag compact. It shows large grains (A) and inter-granular
pores (B). Carbonate precipitations are lining the grains (B) and partially fill some
inter-granular pores (C) with small carbonate crystals. The partially filled zones
(C) can be considered as microporous zones, as there are still pores present be-
tween the precipitated carbonate crystals.
In the re-sampled image with a 10 times lower resolution, the grains (A) and
the large pores (B) can still be distinguished. The microporous zones (C) have
a range of intermediate attenuation values, which are an average contribution of
the attenuation value of the micropores and the attenuation value of the carbonate
grains. The calcite rims, which are lining the grains (B) are impossible to dis-
criminate. The pixels containing the edge of the grains also suffer from a partial
volume effect, because both the attenuation of the air and the grains contribute to
the overall attenuation value of these pixels. Which in this case masks the rim
present around the grains.
Figure 3.17: (a) SEM image of a carbonated stainless steel slag compact, with resolution
of 2.7 µm, (b) which is re-sampled to obtain a resolution of 27 µm. Zone A represents the
grains, B the inter-granular pores and C the microporous zones.
Another limitation of the discrete volume representation arises when describ-
ing the certain geometrical features of objects. In the low resolution representation
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in figure 3.17b the large grains (A) and intergranular pores (B) can still be recog-
nised, but the error on the parameters like size and shape will increase with lower
resolution. The number of pixels or voxels to describe a parameter of a certain
object really depends on that parameter. In figure 3.17b, the error on the size or
volume of the grains (A) will still be quite low. Describing the outline however
will be more difficult. When analysing the porosity, only the larger pores will
be measured, which will result in an underestimation of the porosity. When the
large pores are well-connected however, an accurate estimation of the permeabil-
ity based on these images will still be possible, as these are governed by the large
connected pores.
This illustrates that determining parameters from a µCT volume, which is al-
ways a discrete greyscale representation, is strongly dependent on the number of
voxels representing the volume and even depends from sample to sample. The
user should therefore be well aware of the limitations of the µCT technique before
drawing conclusions about certain features based on the attenuation or greyscale
data. It is therefore also suggested to combine data from other sources to improve
or validate the analysed data.
REV - Representative Elementary Volume.
In µCT imaging there is a trade-off between the analysed volume and the spatial
resolution at which this volume is acquired. If high resolutions are required, the
sample needs to be very small and this often requires sub-sampling. These sub-
samples are however not always representative for the entire volume of the original
sample, but this is strongly dependent on the property of interest [12].
The relation between volume and porosity is illustrated in figure 3.18 for a
steel slag compact. In zone 1, represented by a SEM image, a very small part of
the sample is covered and this is not representative for the porosity in the entire
sample. If the porosity would be determined on this SEM image, it would under-
estimate or overestimate the porosity depending on the location where the image
was taken. In zone 1, microscopic effects play an important role and porosity data
obtained from samples from this zone can therefore not be considered as represen-
tative due to their limited coverage. In zone 2, a µCT image with dimensions of 3
by 3 by 3 mm is shown and because the compact is considered to be homogeneous,
the porosity calculated on this volume is representative for the entire volume. If
the compact would be heterogeneous, e.g. layered, than the µCT volume from
zone 2 would be representative for a specific layer from which is was sampled.
Because of the size-resolution restrictions in µCT imaging, the resolution of a
representative volume could be insufficient to capture a certain feature. This could
be the case if the compact would have a bimodal pore size distribution, e.g. a lot of
micropores together with large intergranular pores. The µCT image would capture
the intergranular pores, but not the micropores and the total porosity would be
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underestimated. A higher resolution, thus a smaller sample, could possibly capture
the micropores, but lack the intergranular pores. This can be resolved by either
analysing a sufficient number of small samples or by combining of information
from different scales to capture all the different porosity types.
Figure 3.18: Representative elementary volume for porosity. Adapted from [12].
It must be stressed that a representative volume is only representative for a
certain property. The µCT volume in figure 3.18 is representative for the porosity,
but the resolution would be insufficient to analyse for example the thickness of the
reaction rim around the grain or the size of small minerals inside the grain itself.
3.3 UGCT setup
In this section the different X-ray setups that are available at the Centre for X-
ray Tomography (UGCT) at the Ghent University are discussed. Apart from the
four setups discussed below, a fifth scanner, which is combining µCT and XRF,
is currently under construction. All these systems were constructed by the UGCT
team and are especially designed for research purposes. All scanners are built in
large bunkers which allows easy access, room for add-on materials (e.g. condition-
ing chambers, pressure equipment and temperature controls) and the possibility to
change the set-up (e.g. detector and X-ray tube) according to the research needs.
Each µCT scanner is therefore a flexible set-up and can be upgraded and improved.
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3.3.1 Dual-head X-ray system
This scanner was the first scanner designed and built by the UGCT, with flexibility
in mind. It is a modular system with an interchangeable X-ray tube head, rotation
stage and detector. The scanner was initially used for all kinds of sample, with dif-
ferent sizes, which was mainly possible due to the flexible set-up. Today however,
it is mainly used for high resolution scans. The best achievable resolution of the
set-up is 900 nm.
Figure 3.19: Dual-head X-ray system.
X-ray source
The X-ray source is a FeinFocus system with two interchangeable tube heads: a
directional tube head (FXE160.48) and a transmission tube head (FXE160.51). A
large part of the X-ray tube, which mainly takes care of the electron production,
is shared between the two systems. The maximum accelerator voltage is 160 kV
and both tube heads contain electromagnetic focussing lenses to obtain small spot
sizes. The main difference between the 2 tube heads lies in their spot size and the
X-ray flux they can produce.
In a directional type X-ray tube the electrons hit the target and X-rays are
produced on the same side of the target. This leaves the back side of the target free
to add cooling, allowing a higher power dissipation and thus results in a higher
X-ray flux. The disadvantage of using a target which is tilted with respect to the
electron and X-ray beam, lies in the size and shape of the X-ray spot, which is
larger and slightly asymmetrical.
In a transmission type X-ray tube, the electron beam hits the target from the
back and X-rays are emitted from the front. This does not allow cooling of the
target, which limits the power and the X-ray flux. The target itself consist of a
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very thin layer of a metal with a high atomic number which is placed on a backing
of a material with a low atomic number. In its standard set-up this is a tungsten
target with a thickness of 5 µm placed on a diamond window, but other molybde-
num targets and beryllium windows are available. The thin target limits electron
scattering and results in a small spot size.
Detector
During the course of this work, the dual head set-up was used with two types of
detectors. The standard detector is a Varian PaxScan 2520V flat-panel with a large
area of 25 by 20 cm which contains 1920 by 1536 pixels. Each pixel has a surface
of 1272 µm2. The scintillator is a columnar CsI screen and visual light is detected
by an amorphous silicon TFT detector. The detector is mounted on a rotatable
stand which allows to use the detector in portrait or landscape mode according to
the required field of view.
The second detector that was used, was the Perkin Elmer 1620 CN3 CS which
is currently mounted on the HECTOR µCT system and which is further discussed
below. Apart from these detectors, other detectors are available and interchanged
in function of the experimental needs.
Movement
In the Dual-head X-ray system, the detector is mounted on a linear stage which al-
lows moving and switching the detector. Once the desired component is mounted,
it is fixed and there are no motor systems to change the source-detector distance
(SDD) after mounting. In order to provide magnification of the scanned object, the
entire object stage can be moved towards and away from the X-ray source (SOD).
The object stage itself consists of a rotation stage and this object stage can be
moved horizontally and vertically to position the object for the µCT or move the
object out of the X-ray beam to acquire flat-field images. The rotational movement
is provided by a high-precision air bearing stage (PI miCos UPR-160 air) of which
the movement specifications are well below the resolution of the system (900 nm).
On top of the air bearing rotation stage a piezo-electric XY-stage is mounted to
perform fine positioning of the sample in the centre of the rotation axis.
3.3.2 Dual-tube system - Nanowood
Nanowood is the second system that was constructed at UGCT in 2009. The set-
up was designed to handle both very large and very small samples. Therefore the
system has two separate X-ray tubes and two detectors, which can be switched
automatically in the desired configuration. As the name suggests, this set-up is
mainly used to scan wood and the flexibility allows to scan the entire range from
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tree trunks down to individual wood vessels. The best achievable resolution of the
set-up is 400 nm.
X-ray sources
The system has two separate X-ray tubes. Similar to the dual-head system, there
is one directional and one transmission tube. The directional tube is a Hamamatsu
L9181 which can go up to 130 kV and 35 W. The smallest nominal spot size is
around 5 µm, but the distance from the spot to the exit window is significantly
larger, which limits the geometrical magnification. The transmission type X-ray
tube is a Hamamatsu L1711 nano-focus with a minimum spot size of about 400
nm. Both tubes are mounted on a linear stage and can be switched automatically.
Detectors
The two detectors are also mounted on a linear stage and also allow automatic
switching and alignment. The first detector is a Varian PaxScan 2520V flat-panel,
identical to the detector on the dual-head system, which has a large area of 25
by 20 cm, containing 1920 by 1536 pixels. The second detector is an air-cooled
PhotonicScience VHR CCD camera with 3600 by 3200 pixels. The scintillator
is a 6 µm thick Gadox, but due to its thickness, it is only sensitive to very low
X-ray energies. Therefore, the detector is only suitable for very small and low-
attenuating samples like organic samples.
Movement
On the nanowood X-ray system, both the X-ray sources and the detectors can
move laterally and can be switched. The detector can also move towards and away
from the X-ray tubes to adapt the SDD distance. The entire object stage can also
be moved to change the SOD and thus allow geometrical magnification. These
2 magnification axes, SDD and SOD, allow to optimize the X-ray flux for each
scan and minimize cone beam effects. The object stage itself consists of a rotation
stage and this stage can move only vertically. The horizontal movement for posi-
tioning is achieved by changing the position of the X-ray source and detector. The
rotational stage is an Aerotech air bearing stage with a piezo-electric XY-stage for
detailed positioning.
3.3.3 High energy scanner - HECTOR
HECTOR or the High Energy CT scanner Optimized for Research, was con-
structed in 2012 and was in contrast to the previous Nanowood system, designed
for larger and more attenuating samples (figure 3.20). The design is even more
flexible, as it is not constructed on a table, which gives it even more space for
sample mounting and complex add-on modules.
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Figure 3.20: HECTOR - High Energy CT scanner Optimized for Research.
X-ray source
In the HECTOR set-up there is only one X-ray tube, a directional type tube. The
X-ray source from X-RAY WorX can go up to 240 kV and generate a target power
up to 280 W. It also has a defocussing regulator, which is linked with the power
output to avoid pitting in the target and optimize the spot size at a given power
output. At a power output of 10 W, the focal spot size is 4 µm, which is also the
resolution limit of the system. The high flux of the X-ray tube allows for imaging
of large and highly attenuating samples (e.g. 15 cm diameter solid concrete core),
but also allows for much faster imaging and therefore enables imaging of dynamic
processes.
Detector
The current detector on the HECTOR system is a PerkinElmer 1620 CN3 CS. As
mentioned before, this detector was previously mounted on the Dual-head system.
The detector is a large flat-panel with a 2048 by 2048 pixel resolution, a pixel size
of 200 by 200 µm and a detector size of 41 by 41 cm. The scintillator is a thin
columnar CsI screen. The detector has a variable gain, which is necessary for the
high flux of the high power X-ray tube. Just like all scanner set-ups designed and
constructed by UGCT, this set-up is also flexible and detectors can be switched in
function of the scanned object.
Movement
The HECTOR system has a single X-ray tube which is fixed on a stable granite
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back plate. The object stage can be moved along the magnification axis which
allows a variable SOD. The object stage itself is limited to a movement along a
vertical axis and on it, an Aerotech rotational stage is mounted, which can handle
samples up to 80 kg. The detector can also be moved along the magnification axis
and this variable SDD allows to optimize the X-ray flux according to the object.
The detector itself can also be moved vertically and laterally. This movement
allows to change the alignment with the source and sample, but this also allows to
tile the detector to obtain a larger field of view up to a maximum of 4048 by 4048
pixels and a size of 80 by 80 cm.
3.3.4 Environmental scanner - EMCT
The environmental scanner or EMCT is very different from the previous set-ups
and from other µCT set-ups in general. In this set-up, the sample remains station-
ary and the X-ray tube and detector rotate around the sample. Due to a gantry
system, geometrical magnification is still possible and the maximum spatial reso-
lution is 5 µm. This scanner was mainly designed for in-situ imaging and allows
easy mounting of sample conditioning equipment and other peripherals.
When a sample is exposed to certain external conditions in a conditioning
chamber, there are often numerous tubes and wires running towards and from the
sample chamber. Designing conditioning chambers for a rotating sample stage is
therefore often very complex. Besides the possibility to scan samples under exter-
nal conditions, the scanner is also often used for dynamic scanning and monitoring
changes in a sample.
X-ray source
The X-ray source is a Hamamatsu L9181 directional tube, identical to the direc-
tional tube on the Nanowood scanner. The main reason to use this tube is its
compact size and the smallest nominal spot size of this system is about 5 µm.
Detector
The detector is a Xineos-1313 high speed CMOS flat-panel detector with a resolu-
tion of 1300 by 1300 pixels and an individual pixel size of 100 by 100 µm. It is a
high speed detector with a frame rate up to 30 frames per second at full resolution
and up to 300 frames per second in a region-of-interest readout. The high readout
speeds makes this detector ideal for fast dynamic imaging.
Movement
In this set-up the source and detector are mounted on a rotational stage with a
central opening, diameter 19 cm, through which the sample is placed. The SDD is
fixed between the source and the detector. The source and detector are placed on a
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Figure 3.21: EMCT - environmental µCT system.
gantry, which can move along the magnification axis and which allows to change
the SOD. The object stage is a part of the non-rotating part and can move vertically
and has a large travel of about 1 meter.
3.4 Differential Imaging
This main focus of this work is on monitoring the chemical and textural changes in
the pore space of a steel slag compact, when this compact is exposed to pressurized
CO2. The non-destructive nature of the µCT technique allows us to monitor these
changes in time using sequential µCT scans. By subtracting the first µCT scan
from the following µCT scans, a differential image is obtained which shows the
changes in the pore space. This technique was frequently used in this research
to map zones where precipitation and dissolution took place, but also to visualize
water distributions up to a sub-voxel level. The latter is illustrated in this section
and this is mainly based on the paper: 3D mapping of water in oolithic limestone
at atmospheric and vacuum saturation using X-ray µCT differential imaging by
Boone et al. [138].
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3.4.1 Determining porosity and pore size distribution
Fluid occupancy and fluid movement in porous media is of great importance in
many geological fields [139]. The easiest way to assess the amount of water in
a porous rock is by direct measurement. Measuring the amount of water is tra-
ditionally done using gravimetric characterization methods of water imbibition at
different pressure conditions. When a porous rock is impregnated with water at
vacuum conditions, the apparent density and total open porosity of the rock can
be measured. At ambient conditions, the capillary uptake of the rock can be deter-
mined and provides information concerning the amount of capillary water uptake
in the porous material as a function of time. This is based on the fact that a wetting
liquid will spread into the open pore network of a porous material due to capillary
action until it reaches an equilibrium state [140]. These gravimetric techniques
provide information about the amount of water inside the stone averaged out over
the entire sample, but lack any spatial information about local variations in the
water distribution. Especially in the case of complex pore networks, with a lot of
variations in the pore size, local variations can have major influence on the water
uptake.
The distribution of water in a porous rock is directly linked to the pore size
distribution and connectivity of the pores in the stone. A pore size distribution
is however difficult to obtain, especially for the complex pore systems present in
many natural rocks. Limestone for instance, often displays a broad, multimodal
pore size distribution and complex pore geometries, which depends on its for-
mation process and alteration history. The pore size distribution can be obtained
using mercury intrusion porosimetry (MIP), which involves the injection of a non-
wetting fluid (Hg) in the porous sample of interest. Because the Hg is non-wetting
fluid, a certain pressure is needed for Hg to enter the pores of the sample and the
size of the pores it can enter is proportional to the exerted pressure. A profile of
the amount of Hg in the sample in function of the exerted pressure is therefore
essentially the pore size distribution of the sample. A MIP profile of an oolithic
limestone sample (Massangis Roche Claire) is given in figure 3.22. This profile
illustrates that this limestone is dominated by micropores (<1 µm) and most of
these pores have a diameter around 0.5 µm.
MIP is especially useful to obtain the pore size distribution in the pore range
from a few nm up to 1 mm [141], but the technique has some limitations. (1) MIP
often underestimates the amount of larger pores due to ink bottle effects [142] and
(2) high Hg injection pressures can modify the internal structure of the sample
or cause sample failure. In the case of the limestone sample in figure 3.22 there
is little reason to believe that the internal structure of the micropores was altered
in the applied pressures. In more delicate samples like non-carbonated or partly
carbonated steel slag compacts (discussed in chapter 5 and chapter 6) failure of the
sample can more easily occur at high injection pressures. (3) Finally, MIP lacks
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Figure 3.22: Mercury Intrusion Porosimetry (MIP) pore size distribution of an oolithic
limestone with an indication of the µCT resolution.
spatial information of the distribution in the porous rock or local variations inside
the sample.
The pore space and its connectivity is in essence a three dimensional problem,
which makes µCT the ideal technique to directly capture the pore network in 3D,
including local variations. A µCT scan of an oolithic limestone sample, which was
previously also subjected to MIP analysis, is given in figure 3.23. The sample had
a diameter of 3.3 mm and height of 3.0 mm and was scanned with a voxel size of
4.54 µm3. The pore space of the sample was analysed using the 3D image analysis
software Morpho+ [135] using the Otsu segmentation method [143] on the 3D
volume. In figure 3.23, the analysed porosity is visualized in red and this shows
that the porosity is made up by individual pore bodies, with an average diameter
of 88 µm, spread out over the sample.
When we compare the data of the MIP measurement (figure 3.22) and the vi-
sualization of pore space with µCT, we see some important differences. The MIP
measured values for open porosity, indicate that the majority of the pore volume
consists of micropores. In the µCT image these micropores were below the reso-
lution of the scan and are not accounted for. µCT therefore clearly underestimated
the porosity of the sample due to a lack of resolution. The MIP profile on the other
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Figure 3.23: Distribution of the macropores determined directly from the µCT image.
Sample diameter is 3.3 mm
hand, lacks the presence of macropores, which is most likely due to bottle-neck-
effects.
The µCT resolution limit makes it impossible to directly image both the macro-
porosity and the microporosity present in a multimodal pore system, like in most
limestone rocks. In particular, the microporosity can play an important role in the
water uptake behaviour of the natural limestones. When well connected, it governs
a large part of the capillary uptake of water due to the high capillary pressure in
these micropores.
3.4.2 Differential imaging
From the results of µCT and MIP, it is clear that the oolithic limestone contains
a large variety in pores, going from large individual macropores to micropores.
According to the MIP profile (figure 3.22) the diameter of these micropores is
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below the resolution of the µCT images, making it impossible to unambiguously
differentiate the micropores from the solid matrix. The pore distribution derived
from the µCT image was only capable of capturing the moldic porosity in the lime-
stone. However when looking at a slice through the middle of the 3D µCT image
(Figure 3.24a), we see that there are a lot of intermediate grey values between the
larger macropores (in black) and the solid matrix (white). The voxels with these
intermediate grey values contain both solid matrix and pores below the resolution.
The intermediate grey scales therefore indicate that most of the microporosity is
present in the outer rim of the ooids.
For monomineralic rocks, obtaining information about the microporosity is es-
sentially possible directly from the µCT image by linking the attenuation value to
the amount of porosity. This is based on the fact that pores below the resolution
do contribute proportionally to the overall attenuation value of each voxel. Bauer
et al. [144] used this technique on a monomineralic carbonate rock to obtain a dis-
tribution of macro- and microporosity inside the limestone. Unambiguously deter-
mining the microporosity and its connectivity based on a 3D density map of the
scanned oolithic limestone is de however impossible. First of all, the intermediate
grey value could be caused by a different chemical composition in the outer rim,
changing the attenuation value. Furthermore, it is uncertain if these microporous
zones are connected to or isolated from the rest of the pore network. Differential
imaging can be applied in order to resolve these shortcomings [145].
By generating a differential image of a µCT image of the sample in a dry state
and the sample saturated with an X-ray opaque fluid, it is possible to map the dis-
tribution of micro- and macropores [145, 146]. The obtained differential imaging
only shows the signal of the added fluid, which makes it possible to unambigu-
ously map the amount and the distribution of the added fluid inside the pore space
of the rock and thus clearly map the open porosity when the sample is completely
saturated. In the earliest applications of CT in core analysis on medical CT sys-
tems, dopants and differential imaging were already used to determine the fluid
saturation in reservoir drill cores [128, 133]. Doping for differential imaging is
not mandatory and fluid mappings from differential images can also be obtained
using pure water [146]. The need for dopant depends mainly on the quality of the
original µCT images and the amount of water in the sample, hence the pore size
distribution in the sample.
Differential imaging was applied by scanning the subsample in a dry state and
after vacuum water absorption. A 5 wt.% CsCl water solution was used to en-
hance the X-ray attenuation of the absorbed pore fluid. CsCl was chosen because
of the very high solubility of the salt in water and due to the high atomic number
of Cs resulting in a strong influence on the attenuation. A solution with a con-
centration of 5 wt.% CsCl was chosen, resulting in an attenuation coefficient in
between carbonate and air. The addition of salts to the solution was minimized
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Figure 3.24: A slice through the µCT volume of the limestone with the sample in the dry
state (a), after vacuum saturation (b) and the differential image (c).
in order to approximate the properties of pure water as closely as possible. The
surface tension of a solution of 5 wt.% CsCl is 72.5 mN/m while the surface ten-
sion of pure water against air at 25 ◦C is 72.0 mN/m [147]. The differences in the
contact angles of pure water and the CsCl solution were within the errors of the
measurements, therefore there was no significant difference.
A specialized holder for the samples was used to minimize spatial movement
between the scans. Additionally, the 3D intensity based rigid body registration
algorithm in the DataViewer software package from Bruker microCT was used to
match the 3D µCT images after water uptake with the 3D image of the dry state.
Before matching, the 16 bit greyscale reconstructed images were resampled to 8
bit greyscale. The dynamic range was identical in all scans and was not affected
by the registration. From the matched 8 bit greyscale 3D volumes a differential
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image was created by subtracting the dry from the wet image using the relation:
differential image = (256 + wet image - dry image) / 2. The differential images
were analysed using Fiji [136] and Morpho+ [135].
The matched µCT image is illustrated in 3.24, where figure 3.24a shows the
sample in the dry state and figure 3.24b the sample in the vacuum saturated state.
After 3D registration the differential image was obtained by subtracting the dry im-
age (figure 3.24a) with the vacuum saturated image (figure 3.24b). The grey values
in the differential image give a distribution of the presence of water in the sample.
In figure 3.24c, the low intensity values illustrate the solid matrix of the rock where
no porosity is present. The high intensity values show the macropores which are
completely filled with water. The intermediate values illustrate voxels which are
partially filled with water i.e. the open microporosity. The intensity value of the
voxels is therefore a measure for the amount of water in each individual voxel or a
measure for the microporosity.
Figure 3.25: The histogram of the differential image. The 2 peaks represent the matrix and
the macropores, with in between the signal for the microporosity.
Figure 3.25 shows the distribution of the intensity values of each voxel in the
differential 3D image. In this histogram two distinct peaks are present. The first
peak, with a low intensity, represents the voxels of the solid matrix or the phase
without water uptake. The second smaller peak with high intensity values rep-
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resents the macropores, or the voxels completely filled with the X-ray attenuating
fluid. The intermediate intensity values between the solid matrix peak and the peak
of the macropores represents partially water-filled voxels.
To assign the intensity value to the solid matrix (0% water saturation) and the
value to the macropores (100% water saturation) a binormal distribution was fitted
to the histogram using the expectation-maximization method [148, 149]. This fit-
ting method iteratively finds the means, standard deviations and weights assigned
to the two Gaussians in the binormal distribution by optimizing its likelihood (i.e.
the probability of drawing the measured grey value distribution in the µCT scan
from the fitted distribution). The mean of the solid (µs) and of the macropore
(µm) peak and the standard deviation of those peaks (σs and σm) was determined.
Voxels with an intensity value smaller than or equal to µs + 1σs, were assigned as
solid (0% water saturation). Voxels with an intensity value larger than or equal to
µm − 1σm, were assigned to the macropores (water saturation of 100%). In the
remaining voxels with an intensity between µs + 1σs and µm − 1σm, the inten-
sity values were linearly scaled to water saturation values between 0 and 100%. A
distribution of the water saturation for a slice through the 3D µCT image is given
in figure 3.26a.
The expectation-maximization method was chosen to allow a user indepen-
dent determination of the solid and macroporous peak in the grey value histogram,
which allows to compare the water saturation in different samples. This technique
is however an approximation, as it assumes a normal distribution in both peaks. In
reality the solid peak shows a slight positive skew due to the addition of the doped
water. The values in between the mean and 1 standard deviation were classified
as voxels partly filled with water or microporosity. The values above and below
these cut-offs in the histogram are classified as macroporosity and solid matrix. In
reality it is possible that a part of the voxels with a lower difference value than the
determined boundary value and thus a low water content, are cut-off and therefore
assigned as solid matrix. The spread of the solid peak in figure 3.25 is mainly de-
pendent on the image noise in original images. The spread of this peak determines
the cut-off value and therefore determines the water content that can be detected
in the partially filled voxels. In order to further increase the detectability of water
in the very small pores of the sample, either a higher concentration of CsCl is sug-
gested or a reduction of the noise in the µCT images. The latter can be achieved
by increasing the number of projections and the scan time. The addition of addi-
tional dopant to the water will increase the differential value and therefore shifts
the second peak in figure 3.25 to the right side without altering the position of the
first peak. This shift also increases asymmetry of the first peak as the right hand
side is stretched, which improves the detectability of the partially filled voxels.
In figure 3.26b the distribution of water is illustrated in 3D and the water phase
is colour coded according to the saturation state of the voxels. Blue colours rep-
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Figure 3.26: The amount of water inside the limestone in a slice through the sample (a)
and in 3D (b). The images are colour coded according to the water saturation inside the
voxels, with blue representing low voxel saturation and red 100% voxel saturation.
resent low water saturation and thus a low amount of microporosity, while red
represents 100% water saturation or the macropores. The 3D distribution of the
microporous zones show the microporous outer rims of the ooids form a connected
microporous network throughout the limestone. This also shows that the individual
macropores are connected to the rest of the pores space through this microporous
network. Differential image allows to monitor and visualize changes between dif-
ferent µCT images in 3D and can even map changes which are below the µCT
resolution of the individual images.
3.5 In-situ Imaging
In-situ imaging implies the imaging of an object under certain external conditions
and visualizing how these objects react under these conditions. In this research
these conditions are pressure and temperature and in order to expose samples to
these conditions, special add-on modules for the scanner set-up were developed.
When a sample is placed under external conditions, it will often undergo changes,
which can be monitored using µCT. In-situ monitoring will therefore often be re-
lated to the dynamic imaging of the changes in the object through time.
In the following section, an overview is given of the different add-on modules
which were developed in this work. The initial goal was to build a high-pressure,
triaxial flow cell with temperature control, which was transparent for X-rays and
inert to highly acid or basic environments. Due to the complexity of combining
all those features in one cell, the development was split up into two paths. A first
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research path which was focussed on a chemically inert high pressure cell with
temperature control and a second focussed on the development of a triaxial flow at
low pressures without temperature control. Apart from these cells, other modules
like freezing stages have been developed for the µCT systems at UGCT, but as
these are not in the scope of this work, they are not further discussed.
3.5.1 Initial reactive flow cell
The processes of interest in this research are an interplay between CO2, water and
minerals in the pore space of a steel slag compact. When CO2 is injected into this
pore space at a certain pressure, it will dissolve into the pore water and lower the
pH of the pore water. In these acid conditions the minerals in the pores can dissolve
and eventually new phases can precipitate in the pore space. In order to monitor
such reactions, the flow cell has to be transparent to X-rays and small enough
to allow sufficient geometrical magnification in the µCT system to visualize the
pore space with a sufficient resolution. Apart from this, the cell also needs to be
chemically resistant to extreme pH conditions and must be able to handle high
pressures.
Most reactors to test carbonation in lab-based set-ups are large stainless steel
reactors. Despite the high strength and high chemical resistance of certain stainless
steel alloys, the high attenuation of the alloys makes it unsuitable for µCT imaging.
Aluminium is much more transparent to X-rays, but has a low chemical resistance,
which could chemically influence the carbonation reactions. Polymers are ideal
for imaging applications as they have a very low attenuation, but they often lack
strength which is needed for high pressure applications. The Polymer Polyether
Ether Ketone (PEEK) has however excellent mechanical and chemical resistance
properties and is transparent for X-rays. The only limitation of PEEK and most
other polymers is the low temperature resistance, which is limited to 143 ◦C. The
temperature conditions of the steel slag carbonation process are generally around
80 ◦C, which is well within the suitable range of PEEK.
The first PEEK flow cell was constructed to investigate two important proper-
ties of the cell for µCT imaging: (1) Can samples be imaged inside the flow cell
and if so, how does the cell influence the quality of the images? (2) Is it practically
possible to monitor chemical changes in the samples through time?
For an initial test of the flow cell, a flow of CO2 saturated water was simulated
in an oolithic limestone sample with conditions similar to underground CO2 in-
jection. The sample was not pressurized, but the acid flow was simulated using a
HCl-solution with a pH of 3. The sample was scanned at ambient conditions in its
initial state on the dual-head µCT set-up. After scanning, it was removed from the
µCT set-up and exposed to the acid flow at a flow speed of 30 cch . The acid flow
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was interrupted after 38 hours and after 94 hours and at these moments the flow
cell was placed on the µCT set-up for scanning.
Properties of the initial flow cell.
In figure 3.27 the details of the flow cell are given. The cell has a total diameter
of 12.7 mm and can handle samples with a diameter of 6 mm. A Teflon insert on
the top of the cell holds the sample in place and high pressure fittings on the top
and bottom allow the coupling of flow lines and valves. PEEK filter plates can
be inserted with the sample to inhibit solid particles going into the flow lines and
simultaneously the filters help to disperse the flow over the sample. The thickness
of the PEEK cell wall is 3.3 mm and this should theoretically be able to handle
pressures up to 200 bar. Laboratory pressure tests of the cell showed that the cell
could handle pressures up to 120 bar without any problems, the theoretical 200 bar
limit was however not tested.
Figure 3.27: Technical drawing and photo of the initial reactive flow cell.
For the acid flow simulation, a cylindrical oolithic limestone sample was placed
in the cell and wrapped with Teflon-tape to inhibit the flow along the edges of the
sample. The PEEK filter plates were not placed above and below the sample and
the Teflon insert was in direct contact with the sample (figure 3.28).
Influence of the PEEK cell on the image quality.
Before starting with the acid injection, the sampled was wetted with distilled water
and scanned to asses the resolution and image quality. The sample was scanned in
the dual-head X-ray system with the transmission X-ray tube and the PerkinElmer
detector. The thickness of the cell wall did not inhibit the magnification and the
X-RAY COMPUTED MICROTOMOGRAPHY 3-41
Figure 3.28: Radiograph of the limestone sample in the flow cell and detailed 3D
rendering of the top zone of the cell.
spatial resolution of the sample in the cell was 5.6 µm. As shown in a slice through
the X-ray volume in figure 3.29, water and air could clearly be discriminated in
the pore space of the wetted limestone. The air and water phase could even be
thresholded and its volumes measured using 3D image analysis. The air in the
pores was 8.5 vol.% of the total volume of the sample, while water contributed 6.8
vol.%. The amount of water is most likely higher due to the infilling of pores below
the resolution of the µCT scan. These results show that the image quality suffers
little from the surrounding PEEK cell wall and the cell design itself still allows a
sufficient geometrical magnification on the dual-head µCT system to allow high
resolutions, to visualize the pore space.
Acid flow test
After wetting of the sample, the HCl solution was injected into the cell at a constant
flow speed of 30 cm3/h. After 38 hours of acid flow, the flow was interrupted
and the sample was scanned. This showed that dissolution mainly manifested at
the inlet of the sample as illustrated in figure 3.30 in green. The porosity profile
along the vertical axis of the sample shows a porosity increase at the inlet of the
sample, but an overall reduction of the pore space in the rest of the sample. This
overall reduction is mainly due to the breakdown of elements from the inlet and
the transport of loose elements through the pore network.
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Figure 3.29: Visualization of water lining the pores of an oolithic limestone (white arrows).
After 94 hours the dissolution front has reached the other side of the sample and
there was an overall increase in porosity along the vertical axis. The dissolution
front, illustrated in figure 3.30 in red, is concentrated along a certain path through
the sample. Dissolution along a preferential flow path is an effect which is also
referred to as wormholing and occurs often when acids are injected into a reservoir
[150]. This effect occurs along the fastest fluid transport pathway or the path with
the highest permeability in the rock, when the transport of the acid is faster than
its diffusion into the rest of the pores of the rock. At slower flow speeds a uniform
dissolution front would therefore be expected.
High pressure test
The previous example illustrates that it is possible to monitor changes inside the
cell through time and that water could be visualized inside the pore space of the
tested limestone sample and even analysed in 3D in the µCT image. At these ambi-
ent pressures, the Teflon tape around the sample was sufficient to inhibit flow along
the sample and forced the acid through the sample, which resulted in wormholing.
At increased pressured however, it became clear that the Teflon tape was not suf-
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Figure 3.30: 3D rendering of the dissolution front after 38 hours and 94 hours of exposure
to a constant acid flow. The porosity profile along the vertical axis shows the overall
increase of the porosity in the sample.
ficient to inhibit flow along the edges of the sample. It was therefore not possible
to test solid samples at higher pressure conditions (20 to 50 bar) with the current
set-up
A pack of grains is however not subjected to this limitation and first pressure
tests in the cell were performed on the mixture of olivine (the more Mg rich end
member in this case: Mg2SiO4) and quartz (SiO2) grains. The porosity in this
grain pack was 25 vol.% and the pack was saturated with water, which was doped
with 5 wt.% CsCl to enhance contrast, at ambient conditions. A 3D rendering in
figure 3.31A shows quartz grains in grey, olivine grains in green and water in blue.
After CO2 injection at a pressure of 50 bar, water is drained from the grain
pack and only residual water remains at the grain contacts (figure 3.31B). The
amount of water in the sample can have important implication on the location and
extent of the carbonation reaction and in-situ imaging in combination with water
localization is crucial to get a better understanding of the carbonation reaction.
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Figure 3.31: 3D rendering of the grain pack with quartz (grey), olivine (green) and water
(blue) before (A) and after (B) injection with CO2 at a pressure of 50 bar. In the details on
the bottom, it is clear that water displaced and residual water is located at the grain
contacts after injection with CO2.
3.5.2 High-pressure cell with temperature control
Apart from pressure, temperature is also an important parameter for the carbon-
ation reaction. Temperature has an important effect on the reaction rate and also
influences the formation of certain minerals. In order to simulate the carbona-
tion reactions in steel slag compacts using the µCT set-up, temperature control
needs to be added to the reactor cell. Initially, flexible heating slabs seemed the
most useful. Most flexible heaters contain a resistance wire, where the tempera-
ture increases when an electrical current is put through the wire. Such systems
are ideal as they only need 2 electrical wires running towards the cell, which do
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not hinder the rotational movement needed to do a µCT acquisition. Despite its
simplicity, these flexible heaters appeared to be unsuitable to provide temperature
control to the µCT cell, because the resistance wires were highly attenuating and
barely transparent for X-rays.
In order to add temperature control to the system, silicon tubing was added
around the cell and heated by pumping a hot fluid through the tubing. The fluid,
water in the experiments, was heated just below its boiling point in a closed heating
chamber. From this heating chamber, the fluid was pumped in a silicon tube to the
cell and after passing around the cell, the water returned back into the heating
chamber. The silicon tube with heated water has a low attenuation compared to
the sample and did not influence the µCT scan of the sample inside the cell. Figure
3.32 illustrates the set-up with the silicon tubing on the dual-head µCT set-up at
the UGCT.
Figure 3.32: Sketch and photo of the high pressure cell set-up with silicon heating tube for
temperature control.
This set-up was used in the experiments discussed in chapter 5 and in a paper
by Boone et al. [14] and allowed to monitor the carbonation of stainless steel slag
compacts under high pressure and elevated temperature conditions. The set-up has
however some flaws which hinder its applicability. (1) Using the prescribed set-
up, with water as a fluid, the highest temperature that could be reached inside the
cell was 65 to 70 ◦C. This maximum temperature is much lower than the initial
fluid temperature, which is caused by heat losses from the heating chamber to the
cell. This could however be resolved by changing the fluid to oil, which can have
a higher initial temperature and would result in a higher maximum temperature in
the cell. (2) A second flaw is the complexity of the set-up, as it needs two addition
tubes between a fixed point, the heating chamber, and a rotating point, the cell.
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This is not an issue in µCT systems like the EMCT, but make the scan set-up on
normal µCT set-ups, with a rotating sample stage, very complex. (3) A third flaw
was a slight blurring in the µCT images, that occurred when the pump was set at a
high speed. At these high flow speeds, vibrations generated by the peristaltic pump
were conducted with the fluid towards the cell and influenced the scan quality.
To compensate for these limitations, the design was revisited and a conductive
heating wire was used for the heating of the cell. To avoid interference from the
highly attenuating resistance wire, it was placed outside the field of view of the
scanner. To provide a sufficient thermal conductance and avoid a large thermal
gradient in the cell, a thin aluminium foil was wrapped closely around the cell.
This foil supplied a thermal conductance and sufficient heat to the sample in the
cell. This set-up allowed to reach temperatures in the cell of above 100 ◦C. The
major advantage to this system is that it only needs some electrical wire running
towards the sample. The set-up is illustrated in figure 3.33 and was used in experi-
ments discussed in chapter 4. Apart from the resistance wire a temperature sensor
was placed at the cell wall to control the temperature.
Figure 3.33: Photo of the high pressure cell set-up with aluminium foil for heat dissipation.
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Figure 3.34: Triaxial cell with different components and 3D rendering during confining
pressure.
3.5.3 Flow cell
In the first reactive flow test, illustrating wormholing in the limestone sample, it
was sufficient to wrap the sample in Teflon tape to prevent fluids from passing
along the edges of the sample. This is however only possible at ambient condi-
tions. When the pressure of the percolating fluid increases, an additional confining
pressure around the sample is needed. If the confining pressure is larger than the
percolating fluid pressure, the fluid will be forced through the sample. The flow
cell with confining pressure is illustrated in figure 3.34. In this cell, the sample is
placed in a viton sleeve which is sealed with rubber o-rings. A fluid can be added
around the viton sleeve and can be pressurized, which forces the sleeve against
the sample. The pressure of the fluid is referred to as the confining pressure and is
controlled with a syringe pump. In this system, the maximum confining pressure is
10 bar, which strongly limits the pressures of the fluids flowing inside the sample.
There is one inlet and one outlet in the system, which is controlled by a MilliGAT
high-precision continuous flow pump and allows to pump different fluids in the
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system. Due to the low pressures in this system, the cell is constructed out of poly-
methylmethacrylaat (plexi) instead of PEEK. This material is not only transparent
for X-ray, but also for visual light, which facilitates the sample mounting process.
The flow cell is mainly used for the dynamic monitoring of multiphase fluid
flow through porous rocks. An example is given figure 3.35, where a non-wetting
phase (oil) is injected into a water saturated sandstone sample. Dynamic scanning
during the oil injection allowed to visualize how this non-wetting phase (green)
migrated through the sandstone sample.
Figure 3.35: Drainage of water and displacement of oil (green) into a sandstone sample.
The displacement process was dynamically scanned for about 20 minutes and the different
3D renderings represent different moments in time.
4
Pore scale carbonation - influence of
fluid saturation
The carbonation process in steel slag compacts can be very complex due to the
number of different minerals present in the slag, which can all react in there own
way with water and CO2. Due to this complexity it is often difficult to decipher
how all these minerals react and interact with each other to form carbonates or how
the presence of certain phases can inhibit carbonate precipitation. Additionally, it
is probably even more important to understand the reaction kinetics, as this will
determine if the carbonation process is fast enough to be deployed on an industrial
scale. Batch studies are often the key to understand such reaction mechanisms.
Because all phases are brought together in a batch reactor, one can monitor the
change in the source minerals and analyse the reaction products. A simplified
approach is initially more appropriate to get a rough understanding about the pro-
cesses occurring during carbonation. This is due to the complexity of the steel
slag source material and the multifaceted interplay between the source material,
water and CO2 inside the pore space of the compact. Because a large part of the
reactive minerals in steel slags are calcium rich silicates, wollastonite (CaSiO3)
was chosen as a model mineral in the pore-scale model. Wollastonite is often used
as reactive mineral for carbonation studies due to its fast reaction rate and well
known dissolution behaviour. In this chapter batch experiments are performed to
analyse the carbonate phases that are formed in the pore space of the compact
at different experimental conditions. Because the carbonation reaction of wollas-
tonite minerals is fairly well known for different temperatures, pressures and pH
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conditions, the main focus of these experiments is on the amount of liquid in the
pore space (the liquid-to-solid (L/S) ratio). This parameter is rarely investigated in
literature, especially studies where the L/S ratio is below 1 have occasionally been
performed. In a pore system with an abundance of reactive minerals, the amount
of water available is often far lower compared to the amount of available reactive
mineral, especially if CO2 is injected and water is displaced.
4.1 Wollastonite carbonation
4.1.1 Introduction
Steel slags, just like other alkaline waste materials, can be considered as suitable
source material for mineral carbonation (section 2.4). The main reactive compo-
nents vary from slag to slag (as discussed in section 1.2), but generally speaking,
the main reactive phases in steel slag are calcium (hydr)oxides and calcium sili-
cates. The first will almost instantly react with water and CO2, while the reaction
of the latter, calcium silicate, is much slower (section 2.4). Wollastonite is an
ideal model material to understand the slower silicate reaction and is often used
in mineral carbonation studies [59, 97, 103, 151–153]. Just like many silicates, it
weathers naturally to more stable carbonates and this general carbonation reaction
can be written as:
CaSiO3 + CO2 + H2O −−→ CaCO3 + SiO2 · nH2O + (1−n)H2O (4.1)
where wollastonite reacts with water and CO2 to form calcium carbonate and
amorphous silica. The carbonation process of the steel slag compacts with the aim
to produce construction materials, is a wet phase direct aqueous carbonation route
(see figure 2.3) and to simulate this process, packed reactive wollastonite minerals
are wetted and exposed to CO2. In this aqueous carbonation route, wollastonite
will react in two steps with water dissolved CO2. The first step in the reaction is a
dissolution step, where calcium ions will be leached from the wollastonite mineral
and SiO2 will remain as a solid phase (equation 4.2 ).
CaSiO3(s) + 2 H(aq)
+ −−→ Ca2+(aq) + SiO2 ·H2O(s) (4.2)
In a second step, the released calcium ions will react with dissolved CO2, mainly
HCO3
– at circum-neutral pH or mainly CO3
2− in more basic pH conditions. The
reaction is illustrated for the latter in equation 4.3.
Ca2+(aq) + CO3(aq)
2− −−→ CaCO3(s) (4.3)
The first step of the wollastonite carbonation reaction, the release of calcium ions
in the system (equation 4.2), is considered to be the slowest and therefore it is the
rate limiting step of the overall reaction [65, 97].
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The dissolution reaction of wollastonite is strongly incongruent and leads to
the formation of a leached layer around the original grain. The calcium ions are
released much faster to the solution compared to silicon and this forms a layer
of porous amorphous SiO2 around the dissolved grain. An illustration of a partly
dissolved wollastonite grain is given in figure 4.1. This illustration is based on a
SEM image of a polished section of partially dissolved wollastonite grain and this
suggests that the leached layer has the same shape as the original crystal [154].
A pseudomorphic replacement is taking place within the original elongated wol-
lastonite crystal and resulting in amorphous SiO2 with the original wollastonite
shape.
Figure 4.1: Illustration of the formation of a leached layer due to the incongruent
dissolution of wollastonite and a SEM image of a polished section of partially dissolved
Wollastonite grains.
The formation of a leached layer is not unique for wollastonite and occurs in
many silicate minerals like olivine [66] and feldspar [67]. Although it is frequently
observed, the formation mechanisms of the leached layers are still under debate. If
the aqueous solution is monitored during the dissolution, there is a strong discrep-
ancy between the molar ratios of Ca and Si in the fluid and in the solid. One option
to explain this is through a preferential release of Ca ions [100, 154]. In this case,
the observed non-stoichiometric dissolution is suggested to be caused by a differ-
ence in the bound strength between Ca and Si in the crystal lattice of the silicate.
Schott et al. [100] suggested that the altered layers at the surface of wollastonite
were formed by an intensive exchange of protons for Ca2+. A second option for
the layer formation is an interface-coupled two step process, where there is stoi-
chiometric dissolution of the wollastonite mineral, combined with the immediate
precipitation of silicate from a supersaturated boundary layer [68]. Hellmann et
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al. [155] observed that the border between the silica layer and the wollastonite
mineral is very sharp. This sharp border is very hard to explain using an inter-
diffusion of cations and protons in the leached layer around the wollastonite grain.
Therefore the interface-coupled dissolution-precipitation model by Putnis and Put-
nis [156] seems a more plausible option for the layer formation [155].
Although the exact formation process of the leached layer is still under dis-
cussion, it is obvious that the formation of such a layer influences the dissolution
reaction kinetics of wollastonite. Because the dissolution is the rate limiting step
in the overall carbonation reaction, the influence of such a layer is important to un-
derstand, especially if the carbonation process is used at an industrial scale. This
is essential for the carbonation of wollastonite, but also for many other minerals,
as leached layers have been observed in natural silicate minerals and steel slag
minerals [9, 108].
In an experimental study of the different parameters influencing the carbona-
tion reaction of wollastonite by Huijgen et al. [97], the carbonation rate decreased
in time. Such trends were also observed in this study as shown in the graphs in
figure 4.28 and 4.31. The reason for this rate decrease was the formation of physi-
cal barriers during the carbonation process and these barriers could be either silica
layers or carbonate precipitations. Daval et al. [59] experimentally studied the car-
bonation reaction at different pH conditions and this research showed that different
carbonate crystal habits were formed at different pH conditions. They showed that
at more acid to neutral pH conditions, large carbonate crystals formed and the wol-
lastonite surface (with silica layer) remained in contact with the fluid continuously
allowing for calcium to leach from the wollastonite minerals. This suggests that
the silica layer, although seriously lowering the reaction rate, does not inhibit the
complete carbonation of the wollastonite mineral. On the other hand, at more basic
pH conditions, a layer of small carbonate crystals is formed, lining the wollastonite
crystal (with silica layer). In this case parts of the wollastonite mineral remain un-
reacted. This suggests that an extra carbonate layer on top of the silicate layer, can
completely block any further carbonation reaction. The leached silica layer is a
porous [154] layer and allows the carbonation reaction to continue, although at a
slower rate. The layer itself is also quite weak, allowing the formation of fractures
in the layer or scaling of the layer. The layer can even be removed from the grains
by means of ultrasound vibrations [108].
Most research on understanding the silicate carbonation process is performed
with batch reactions, where a slurry of fine grained silicate minerals is exposed
to certain temperatures and partial CO2 pressure conditions. The main advantage
to the batch reactor approach, as opposed to specific dissolution experiments, is
the ability to determine the nature of the precipitated secondary phases and their
influence on the reaction [59]. Stirring or agitation is often applied in the batch
reactor experiments to suspend the silicate minerals in the slurry and disperse CO2
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in the reactor. This is mainly to avoid diffusion effects influencing the reaction rate.
In one of those studies by Huijgen et al. [97], a series of potentially influencing
parameters of wollastonite carbonation were experimentally determined using a
stirred batch reactor set-up. These parameters included: the reaction time, reaction
temperature, partial pressure, particle size, L/S-ratio (tested from 2 to 10 l/kg) and
stirring rate.
As mentioned before, the reaction rate decreased with the reaction time, which
is most likely caused by the formation of physical barriers or reduced by the
amount of reactive phases. This effect is mainly related to the reactive surface
available for the leaching of calcium ions to the solution and is therefore also re-
lated to the particle size. Huijgen et al. [97] showed that the reaction rate was
strongly dependent on the particle size and concluded that size reduction is a key
process to increase the dissolution process, making the overall carbonation pro-
cess suitable at industrial time scales [96, 97, 157]. Other influencing factors were
temperature and pCO2. The dissolution rate of Ca from the wollastonite mineral
increases with temperature. Yet at the same time, the activity of the (bi)carbonate
reduces with temperature. The reaction rate will therefore increase with temper-
ature until a certain point, where the effect of the (bi)carbonate activity becomes
too large, reducing the overall reaction rate at high temperatures. There is an op-
timal temperature to be found where the reaction rate is the highest. However, the
pCO2 also influences the activity of the (bi)carbonate and the activity is increased
with increasing pressure. At a pCO2 of 20 bar, the optimal temperature for max-
imum Ca leaching was 200 ◦C according to Huijgen et al. [97]. The influence
of the stirring rate on the reaction rate had only effect when the stirring rate was
low [97]. At low stirring rates, the diffusion of CO2 through the slurry played a
more important role, therefore influencing the overall carbonation reaction.
Almost all dissolution and batch reactor studies on wollastonite, and silicates
in general, are studies at L/S-ratios above 1. This implies that there is a lot more
liquid in the system compared to the reactive silicate minerals and this has the main
advantage that the liquid can be sampled to monitor the carbonation reaction. The
elemental constitution of the sampled liquid allows to analyse the reaction rate and
the sampling itself has limited effect on the reaction due to the large amount of
water in contrast to solid.
When investigating carbonation in a pore system, the amount of liquid that is
available is often well below the amount of reactive minerals present in the sys-
tem, especially when using reactive alkaline waste as a feedstock for carbonation.
The liquid is also present inside the pore space and unlike the stirred batch reac-
tor experiments, diffusion of cations and CO2 will influence the carbonation rate
inside the pore system. The location and distribution of CO2 and water will be an
important factor in the extent of the reaction and on the precipitation of carbonate.
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The main focus of the experiments presented in this chapter is determining the
influence of the saturation degree in the pore space on the reaction rate of wollas-
tonite carbonation process in a batch reactor set-up. Unlike previous research on
wollastonite carbonation ( [59,97]), the L/S ratios used in the experiments were be-
tween 0 and 1. This allows to get a better understanding about the processes occur-
ring at the pore scale in the wet-phase direct aqueous carbonation route. However,
due to the low amount of water in the system, fluid sampling becomes impractical
and would also influence the reaction itself. Monitoring the extent of the reaction
by fluid sampling is therefore impossible and other techniques like µCT will be
applied to monitor the changes in the pore space through the carbonation process.
The reaction temperature was varied between 20 ◦C and 80 ◦C. The other vari-
ables that influence the carbonation process were kept constant for all experiments
done. The grain size fraction of the used source material was below 90 µm. How-
ever, some larger crystals are present due to sieving and the needle-like crystal
habit of the wollastonite crystal. The pCO2 was also kept constant at a pressure of
20 bar.
4.1.2 Multiphase fluid flow
The carbonation experiments presented in this chapter allow us to get a better in-
sight in the process occurring inside the pore network of the reactive grain pack.
Because the pore space is not completely saturated with water, additional processes
that influence the distribution of CO2 and water in the pore space become impor-
tant. Because these processes control the distribution of water and CO2, they will
also have a large impact on the carbonation reaction and especially on the location
of silicate dissolution and carbonate precipitation. The wettability is the main force
influencing the saturation and multi-phase distribution (water and CO2) inside the
pore space.
Wettability
Wettability is the preference of a solid to be in contact with one fluid rather than
another and describes the balance of surface and interfacial forces [158]. When
a fluid is wetting a surface, it will spread over that entire surface. Non-wetting
fluids on the other hand, will form a bead on top of that surface. The contact
angle Θ is a measure for the wettability of a fluid and is illustrated in figure 4.2.
A perfect wetting fluid has a contact angle which is 0◦ and a perfect non-wetting
fluid has a contact angle of 180◦. If the contact angle is between 0◦ and 90◦, the
fluid is considered as wetting. A contact angle between 90◦ and 180◦ implies a
non-wetting fluid.
When a pore system is considered, a wetting fluid will spontaneously spread
on the solid surface and the non-wetting fluid will be present in the larger pores. In
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Figure 4.2: A wetting fluid has a contact angle Θ between 0◦ and 90◦ , while a
non-wetting fluid has a contact angle Θ between 90◦ and 180◦ .
the reactive grain packs considered in this chapter (section 4.3 and 4.4), water will
be the wetting phase and CO2, which is present as a gas at the given temperature
and pressure conditions, can be considered as the non-wetting phase.
Capillary pressure
The location of water, the wetting phase, and CO2, the non-wetting phase, in the
pore network is mainly controlled by the capillary pressure Pc. The capillary pres-
sure is the pressure difference that occurs at the interface between water and CO2.
This is illustrated in equation 4.4 and in figure 4.3, where a tapered tube with water
in contact with CO2 is represented.
Pc = Pnw − Pw = 2γ
R
cosΘ (4.4)
where Pnw is the pressure of CO2, Pw the pressure of water, R the pore radius, Θ
the contact angle and γ the surface tension of the interface between water and CO2.
The location of the interface in the tube is therefore controlled by the capillary
pressure. So when the pressure of CO2 increases, the interface will shift to the
right and CO2 will enter further in the tube.
Drainage and imbibition
When the CO2 pressure in a water filled pore system is increased, the CO2 will
be able to enter smaller pores in the pore system. This is illustrated in figure 4.4.
In the pore network, which is filled with water, the highest capillary pressures are
located at the pore throats and the lowest in the pore bodies. When the pressure
of the non-wetting phase (CO2) is lower than the capillary pressure in the pore
throat, the CO2 will not be able to pass this throat and larger pores beyond it. If the
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Figure 4.3: Fluid interface in a tapered capillary tube (adapted from [13].
pressure of the CO2 is increased above the capillary pressure of the pore throat,
CO2 will enter the pores beyond the throat. The CO2 will fill all pores until a
throat is reached with a higher capillary pressure compared to the CO2 pressure.
All pores with a diameter larger than the pore throat will therefore be filled with
CO2. Due to the filling of pores by CO2, the water in those pores will be displaced
and the water will therefore be drained from the pore network. This pore scale
displacement occurs instantaneous and is known as a Haines jump [159]. Due to
the complexity of real pore systems and the roughness of the grains, the wetting
phase will remain as a film on the grains, which will be connected throughout the
pore network. All pores with a capillary pressure lower than the CO2 pressure will
also remain water filled.
Imbibition increases the amount of wetting phase (water) in the pore network
after drainage. This will refill the smallest pores and the water films around the
grains. When the water films in the pore throats grow, the films will eventually
meet and the non-wetting phase beyond the pore throat will be isolated (figure
4.5). This snap-off process will trap the CO2 inside the larger pore bodies.
In the batch carbonation process in this chapter, a CO2 pressure is applied to
the pore system. The water in the pore space will therefore be either drained from
the pores or be restricted to the small pores and as thin films around the grains. No
water is re-injected or imbibed into the pore system during the batch reaction pro-
cess. The distribution of the wetting and the non-wetting phase during the batch
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Figure 4.4: The increase of the CO2 (non-wetting phase) pressure above the capillary
pressure in the pore throat allows the CO2 to penetrate deeper into the pore network.
Figure 4.5: Imbibition of the water (wetting phase). As the amount of water is increased in
the pore space, the water films around the grains will grow and eventually lead to
non-wetting phase snap-off.
reaction experiments is however more complex as the CO2, the non-wetting phase,
will dissolve into the water. When the CO2 dissolves into the water, the amount
of water in the pore space will increase relatively compared to the dissolving CO2.
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The water films will therefore grow similar to an imbibition process, hence allow-
ing processes snap-off and trapping of CO2.
4.2 Reactivity of wollastonite powder
Before making highly reactive wollastonite granulates to monitor the carbonation
reaction on the pore scale (section 4.3 and 4.4), carbonation experiments on indi-
vidual wollastonite mineral powders were performed to get an idea of the reactivity
and the degree of carbonation of the powder. The influence of 3 parameters that
control the carbonation reaction were investigated: reaction time, reaction temper-
ature and L/S-ratio. Other influencing factors like grain size (<90 µm) and pCO2
(20 bar) were constant in the experiments.
4.2.1 Wollastonite powder
The powder used for the carbonation experiments was industrial grade wollastonite
(Wollastonite - 605) supplied by the company Minerals i Derivats. The powder was
sieved and the fraction <90 µm was used for further experiments. The grain size
distribution (figure 4.6), determined with a laser diffractometer, shows that most
grains are in the range between 30 and 100 µm. A second peak is however present
with grains larger than 90 µm and this despite the sieving. The reason for this
second peak lies mainly in the elongated mineral habit of the wollastonite grains,
which allows some grains to pass trough the 90 µm mesh of the sieve.
Figure 4.6: Grainsize distribution of the wollastonite fraction <90 µm .
XRD analysis on the non-carbonated powder (figure 4.7) shows that the pow-
der is a mixture of two wollastonite polymorphs: wollastonite (1A) and parawol-
lastonite (2M). Both polymorphs have overlapping peaks and from the extreme
height of certain peaks, preferential orientation of the wollastonite crystals can
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be expected in the XRD profile. Wollastonite (1A) is the most abundant phase
compared to parawollastonite. Other accessory minerals in the powder are calcite,
aragonite and quartz. The relative abundance of the phases is given in the Rietveld
analysis in figure 4.7. XRF analysis on the powder showed that all elements other
than Si and Ca, were below 0.5 wt.%. Analysis of the total carbon resulted in 0.98
wt.% of carbon, which is the equivalent of 8.2 wt.% of CaCO3 in the raw material.
Figure 4.7: The main minerals in the XRD of the non-carbonated mineral powders are
wollastonite (1A) and pseudowollastonite (2M). Accessory minerals are calcite aragonite
and quartz.
4.2.2 Carbonation experiments
For the carbonation experiments two batch reactor systems were used: a system
that consists of a series of smaller Parr high pressure batch reactors (figure 4.8)
and a larger automated carbonation unit with a Premex autoclave (figure 4.11). In
these experiments, the reaction time was varied between 0 and 18 hours, which
was proven to be insufficient for a complete carbonation of the wollastonite under
the prescribed conditions. The relatively short carbonation time was however de-
liberately chosen to simulate reactions within an industrially feasible time frame.
Carbonation experiments were performed at 20 bar pCO2 and at 3 different tem-
peratures : 20, 50 and 80 ◦C. These temperature and pressure conditions are
quite low, especially regarding some experimental conditions described in litera-
ture [59, 97]. These specific reaction conditions were however chosen in function
of the steel slag carbonation process, where the temperature and pressure condi-
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tions are normally around 80 ◦C and 20 bar. The L/S-ratios varied between 1/1
and 0.08 and distilled water was mixed with the wollastonite powder prior to car-
bonation to obtain a homogeneous distribution of water between the grains.
Figure 4.8: Parr stainless steel batch reactor.
Parr batch reactor experiments
For the experiments in the Parr batch reactors, the reaction time, reaction temper-
ature and L/S-ratio were varied. Wollastonite powder samples were placed in a
polypropene sample tube with a diameter of 14 mm and a volume of 5 ml. The
reaction times in these experiments were 0, 0.5, 2 and 16 hours and the reaction
temperatures 20 ◦C and 80 ◦C. L/S ratios were 1/1, 1/2 and 1/10 and the required
amount of water was mixed with the wollastonite prior to placing the samples
in the polypropene tubes. Each tube contained 2.25 gram of solid (wollastonite)
and if needed the wetted powder was compacted to a volume of 4 cubic cm. Be-
fore being placed in the reactor, a porous membrane was placed over the top of
the polypropene tube to avoid spilling of the wetted powder during degassing af-
ter the carbonation experiment, however still allowing CO2 to enter the sample
tube. For the 80 ◦C carbonation experiments, the reactor was heated to the re-
quired temperature before the pressure increased and once pressurized, the reactor
stayed connected to the CO2 source to ensure constant pressure. This was done to
compensate for possible pressure losses due to the consumption of CO2 or due to
potential leakage.
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After the carbonation experiments, the reactor was degassed and the samples
were placed in the oven at 40 ◦C. After drying, subsamples were taken from the
top and the bottom part of the tubes and the total carbon (TC) was determined and
mineral composition analysed by XRD. The reason for taking subsamples from
both the top part and the bottom part was to investigate the potential presence of
a gradient in the carbonation degree inside the tube. A gradient in the sample
tube can potentially develop due to the displacement of water to the bottom of the
sample when injecting pressurized CO2 from the top of the sampling tube or due
to diffusion gradients of CO2 into the water phase.
The results for the TC analysis are given in figure 4.9, where the amount of
carbonate in the sample is plotted as a function of the reaction time. The results
for the TC analysis were recalculated to the amount of CaCO3, as this is the only
carbon phase in the system, and the vertical scales are identical for better compar-
ison between the graphs . The graphs in figure 4.9 show that there is a significant
difference between the top and the bottom in the samples with an L/S ratio of
1/1 and this trend is present in both the 20 ◦C and 80 ◦C experiments. The car-
bonation degree in the top is clearly much higher compared to the bottom over the
entire carbonation period. This difference is most likely due to a diffusion gradient
of CO2 in the water originating from the top of the completely saturated samples.
The top will therefore be much more acidic compared to the bottom, at least ini-
tially, and dissolution of Ca ions from the wollastonite minerals will be higher in
the top zone. Because precipitation is not the rate limiting step in the carbonation
reaction, carbonate formation will be higher in the top zone. In the experiments
with a lower L/S ratio, there is no difference between the top and bottom at 20 ◦C
and a slight difference at 80 ◦C. In the experiments at 80 ◦C however, no clear
trend can be deduced from the measurements. A second general trend that can
be observed from the graphs in figure 4.9 is that the carbonation degree is much
higher at 80 ◦C compared to 20 ◦C. From this it is clear that the reaction rate is
much higher at 80 ◦C and the influence of the lower (bi)carbonate activity with
higher temperatures is still negligible. When comparing the experiments with an
L/S ratio of 1/1 and the experiments at lower L/S ratios, the degree of carbonation
is much higher in the experiments with a lower L/S ratio at 80 ◦C.
A comparison of the XRD profiles before and after carbonation allowed to
analyse the changes in mineralogy in the wollastonite powder. The XRD profiles
for the experiments with the highest carbonation degree (at 80 ◦C and after 16
hours) for each L/S ratio are shown in figure 4.10. When comparing these profiles
with the profile of the non-carbonated powder, three general trends can be deduced
which are proportional to the degree of carbonation from the TC analysis (figure
4.9): (1) a decrease of the peaks of wollastonite, (2) an increase of the amount of
calcite and (3) an increased scattering around 25 ◦2Θ. The latter is related to the
formation of an amorphous silica phase due to the leaching of calcium ions from
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Figure 4.9: Total carbon analysis of the samples from the Parr reactor experiments at
varying degrees of water saturation and temperatures of 20 and 80 ◦C.
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Figure 4.10: Mineralogical composition of the powders with varying degree of saturation
after carbonation period of 16 hours at 80 ◦C. The top of the tube was sampled for the
XRD analysis and the profile of the non-reactive powder is given in the black dotted line.
the system. In all experiments both at 20 and 80 ◦C, calcite forms as precipitated
carbonate phase. At certain experimental conditions, namely at an L/S of 1/10
and a temperature of 80 ◦C, aragonite formed together with calcite. Both calcium
carbonate polymorphs form only at these conditions and aragonite is absent in the
other experiments. There is however much less aragonite precipitated compared
to calcite at these conditions.
Overall it can be stated that diffusion of CO2 is only affecting the heterogene-
ity of the carbonation front in the fully saturated samples. Temperature is clearly
a highly influencing factor at all saturation degrees and higher temperatures are
preferred for a higher degree of carbonation. The degree of carbonation is the
highest in the experiments with an L/S ratio of 1/2 at 80 ◦C and this at all sam-
pled reaction times. The trend at a ratio of 1/10 is however very similar and the
reaction is comparable, with that difference that both aragonite and calcite form
at these conditions. Calcite is however the most important carbonate phase in all
experiments.
Premex automated carbonation unit
In the previous experiments it was clear that the water saturation and temperature
had an important influence on the carbonation degree of the wollastonite powders.
Therefore, a more detailed study with higher temporal sampling interval and more
variation in the L/S ratio in the range below 1/2 was performed. Because of the
increased number of samples in these experiments, a larger automated carbonation
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unit with a Premex autoclave (figure 4.11) was used, which allowed to measure
more samples simultaneously. The reaction times in these experiments were 0, 1,
3, 9 and 18 hours and the reaction temperatures 50 ◦C and 80 ◦C. The choice for
a higher temperature was mainly because the carbonation degree at 20 ◦C was too
limited for the short reaction times of the experiments. The L/S ratios were 1/2,
1/4, 1/8 and 1/12 and the required amount of water was mixed with the wollastonite
prior to placing the samples in the polypropene tubes. Each tube contained 2.8
gram of solid (wollastonite) and the wetted powder was compacted to a volume of
4 cubic cm. After the carbonation experiments, the reactor was degassed and the
samples were placed in a ventilated oven at 40 ◦C. After drying, the samples were
homogenized before taking subsamples for further analysis. No attempt was made
to sample both top and bottom because there was no clear gradient in the samples
with a L/S ratio below 1/2 in the Parr batch reactor experiments.
Figure 4.11: Automated carbonation unit with a stainless steel autoclave (Premex).
The weight of the samples after drying is plotted in function of the carbonation
time in figure 4.12. The weight that is given is the total weight of the powder and
the sample holder after carbonation. The increase in weight is a rough approxima-
tion of the amount of precipitated carbonate. The trend clearly shows an increase
of the weight with carbonation time. The overall weight increase is faster at 80 ◦C
compared to 50 ◦C. The trend for the experiments at 50 ◦C is quite similar for
most saturation degrees, except for the lower L/S ratio of 1/12 which shows slight
decrease in the reaction rate after longer carbonation periods. At 80 ◦C two trends
are present in function of the water saturation. The weight increase in function of
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time is the highest for saturations of 1/2 and 1/4 and lower saturations tend to show
no further weight increase after 9 hours of carbonation.
Figure 4.12: Weight of carbonated wollastonite powder in function of time after drying.
The weight increase is however only a rough approximation and TC analysis
was performed to validate if the weight increase is truly a measure for the increase
of carbonate within the sample. TC analysis was performed on the powder from
the experiments at an L/S ratio of 1/2 and 1/12 and at temperatures of 50 ◦C and 80
◦C. The results from the TC analysis are shown in figure 4.13. The trends of the
TC in function of time can be correlated with the weight changes in the samples.
The carbonation rate is faster at 80 ◦C compared to 50 ◦C. The trends at 50 ◦C
are very similar for both degrees of saturation, while there is a clear difference in
the trends at 80 ◦C. The trend of the weight gain at 80 ◦C matches well with the
TC analysis and this confirms that there is no further carbonate precipitation after
9 hours.
XRD analysis of the samples with L/S ratios of 1/2 and 1/12 at temperatures
of 50 and 80 ◦C show similar trends as previously observed in the Parr batch
reactor experiments (figure 4.10): (1) a decrease of the peaks of wollastonite, (2)
an increase of the amount of calcite and (3) an increased scattering around 25 ◦2Θ,
which is related to the formation of amorphous silica. The main difference in the
mineralogy between the samples at 50 ◦C and 80 ◦C is the presence of aragonite
as a second calcium carbonate polymorph next to calcite in the experiment at 80
◦C. Aragonite is a metastable calcium carbonate polymorph at standard pressure
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Figure 4.13: Total carbonate content of the wollastonite powder in function of time after
drying.
and temperature conditions and will over time recrystallize to calcite. At room
temperature calcite will precipitate, while aragonite forms preferentially in hot
solutions. More and more aragonite will form when the temperature reached a
100 ◦C [160]. The presence of aragonite can therefore be related to increasing
temperatures.
At the lowest water saturation and 50 ◦C, a small peak in the XRD profile in-
dicates the presence of aragonite while this is absent at higher saturation. In figure
4.14, the difference between the mineral content at the high and low saturation at
80 ◦C is shown, because these profiles depict a different trend in the TC analysis
(figure 4.13). Because these experiments are both at 80 ◦C, aragonite and calcite
are present as carbonate phases. At the lowest saturation (L/S ratio of 1/12), the
amount of aragonite is higher and the amount of calcite is lower, but calcite is how-
ever still the most abundant carbonate phase. These results suggest that, apart from
temperature, water saturation also appears to influence aragonite precipitation.
4.2.3 Summary of powder experiments
The carbonation experiments on the wollastonite powder with a grain size fraction
sieved below 90 µm show that the degree of carbonation is influenced by the sat-
uration degree and the temperature. At higher temperatures the reaction rate and
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Figure 4.14: Mineralogical composition of the powders with varying degree of saturation
after carbonation period of 18 hours at 80 ◦C.The profile of the non-reactive powder is
given in the black dotted line.
the carbonation degree is significantly higher. At the short time scale which was
used in these experiments, higher water saturations resulted in lower carbonation
degrees which is most likely caused by the limited diffusion of CO2 into the water.
Lower saturations are therefore preferred to maximize the carbonation degree at
short time scales. If the amount of water becomes to low however, the carbona-
tion degree declines, especially at higher temperatures. This effect is most likely
related to a deficiency of water in the system. During the reaction water can be
confined to the amorphous silica layers or evaporate from the system. The forma-
tion of the CaCO3 polymorph aragonite is an indicator for supersaturation, which
can be linked to the deficiency of water. Independent of the formation of aragonite
at low saturation and high temperature, calcite still is the main carbonate phase
in all experiments. To obtain the largest degree of carbonation in the wollastonite
powder at 20 bar of CO2 pressure and at reaction times below 18 hours, the tem-
perature should be increased and an optimum should be determined for the water
saturation degree in the powder.
4.3 Highly reactive wollastonite granulates
In section 4.2, the parameters controlling the reactivity of wollastonite powder
were investigated. These parameters were temperature and water saturation, which
showed to be very important for the type and the extent of the carbonate precipita-
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tion in the wollastonite powder. Our goal with the use of wollastonite as a model
material is to get a better understanding of the processes occurring in steel slag
compacts containing highly reactive calcium silicate particles. Despite its high re-
activity, the wollastonite powder, with a grain size below 90 µm, is not ideal to
simulate pore scale processes occurring in the steel slag compacts. This is due
to the limited size of the powder particles, which makes monitoring difficult to
impossible with µCT in-situ set-up. But also due to the elongated shape of the
wollastonite minerals, which is quite different to the steel slag grains. Larger wol-
lastonite minerals could not be used as these still have the elongated shape and a
much lower reactivity due to the reduced surface area of the particles. To obtain
a better model to study the pore scale processes in the steel slag, highly reactive
granulates of the wollastonite powder were made. With these spherical granulates,
grain packs can be made to simulate and analyse pore scale carbonation processes.
The spherical granulates which comprise the grain pack are still highly reactive
and allow to monitor carbonate precipitation at the pore scale.
4.3.1 Granulation process
Granulation of the wollastonite powder was performed with an Eirich Intensive
mixer type RV01 4.15. This mixing system consists of slightly tilted, rotating mix-
ing pan (A) and interchangeable mixing tools (B). The tilted rotating pan delivers
the wollastonite powder towards the mixing tool which rotates in the opposite di-
rection of the pan. By adding water to the powder, wollastonite particles adhere
together and due to the constant rotation in the system, spheres can be formed
which can afterwards grow in size. In order to obtain wollastonite granulates with
a size around 0.5 mm in diameter, 300 gram of water was mixed with 1000 gram
wollastonite powder. The dry wollastonite powder was initially mixed in the mix-
ing set-up at low speed (5 m/s), during which one third of the water was added.
This mixing step ensured a optimal homogenization of the water and the powder.
After 2 minutes of mixing, the rotation speed of the mixing tool was increased
to 20 m/s and after this increase, the rest of the water was gradually added to the
mixing unit. After adding the water, the speed of the mixing tool was decreased to
5 m/s to generate the granulates and after the granulates were formed, the speed of
the pan was doubled to increase the sphericity of the granulates. The speed of the
mixing tool in this last step, is the main controlling parameter for the size of the
granulates and lower speeds result in larger granulates.
Figure 4.16 shows the resulting granulates and SEM images of polished sec-
tions through the granulates. The average grain size of the granulates was deter-
mined by sieving and was around 0.5 mm. The SEM images through the granulates
(figure 4.16B) show that the granulates are porous and the porosity, determined
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Figure 4.15: Eirich Intensive mixer type RV01 set-up used for wollastonite granulation.
The main components are (A) the rotating mixing pan and (B) the interchangeable mixing
tool.
with image analysis on the SEM images in the top and bottom image of figure
4.16B, is 25.4 % and 27.0 % respectively.
4.3.2 Carbonation of wollastonite granulates
Experimental set-up
Carbonation experiments were performed on a packed cylinder of wollastonite
granulates to get a better insight in how and where carbonate precipitates in the
pore space. The reaction conditions used in the carbonation experiments were a
temperature of 80 ◦C and a pCO2 of 20 bar. These conditions were chosen based
on the powder experiments in section 4.2 and these are also commonly used con-
ditions for steel slag carbonation. After granulation of the wollastonite powder,
the granulates were sieved and the fraction between 0.5 and 1 mm was used to
make a grain pack. Two degrees of water saturation were used in the carbonation
experiments, 30 wt.% and 10 wt.%. To obtain the correct degree of saturation, the
amount of water in the granulates was determined using a moisture content anal-
yser and the required amount of water was added to the granulates to reach the 10
wt.% and 30 wt.% water saturation. The wetted granulates were then packed in
a polypropene sample tube and the pore structure was analysed with µCT. After
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Figure 4.16: Wollastonite granulates obtained after the granulation process (A) and SEM
images trough the granulates showing the structure inside the granulates (B).
scanning, the sample was placed in the Premex automated carbonation unit (fig-
ure 4.11) and carbonated for a period of 24 hours. The samples were scanned
again after carbonation and a more detailed analysis of the internal structure of the
granulates and the chemical composition was performed using SEM-EDS.
µCT analysis before and after carbonation
The samples were scanned before and after a carbonation period of 24 hours at
20 bar and 80 ◦C. Figure 4.17 represents the 3D rendering of the grain packs at
different saturation degrees. The overall pore structure is quite similar at differ-
ent saturations. In some cases granulates partly disintegrated during packing and
therefore also individual wollastonite grains are present in the pore system.
The pore system itself is actually a dual porosity system with the smallest pores
inside the granulates and the larger pores in between the granulates. Because the
intragranular pores are the smallest, the capillary force in the granulates will be
the highest and water will be prone to fill these intragranular pores. Figure 4.18
shows a slice through the µCT volume of the grain pack at 10% water saturation
before and after carbonation. In the µCT image before carbonation at 10% water
saturation, no water is present in menisci between the granulates. At 30 % water
saturation, water can be visualized between the granulates (white arrows in figure
4.19). From this we can conclude that at 10 % water saturation only the wollas-
tonite granulates will be filled and when pressurizing the sample during carbona-
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Figure 4.17: µCT rendering of the grain pack in the dry state, at 10 wt.% and 30 wt.%
water saturation before carbonation.
tion, CO2 will fill the larger intergranular pores. After carbonation, the attenuation
coefficient, represented by the grey value, in the granulates is increased. This sug-
gests that the carbonation took place inside the granulates and the precipitation of
the more attenuating carbonate phase was limited to the intragranular pore space
at 10 % water saturation.
At 30 % water saturation the granulates are also filled with water and the ex-
cess water is located around the grains and at the granulate contacts (figure 4.19
white arrows). The compact with a saturation degree of 30 % showed variations
in the degree of packing in the sample, which are represented in figure 4.19. Slice
A shows a zone with a loose packing and higher intergranular porosity and slice
B and C are more dense packed zones. In the zones with more dense packing,
the pores are smaller and more water is present in the intergranular pore space in
these zones. After carbonation the average attenuation value inside the granulates
is lower compared to the non-carbonated granulates. Around the grains however,
a highly attenuating phase is present. This shows that at 30 % water saturation,
carbonate preferentially precipitates at the rim of the granulates. The location of
the precipitated carbonate matches well with the excess water around the granu-
lates and at the granulate contacts before carbonation. It can therefore be stated
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Figure 4.18: Slice through the µCT volume of the grain pack with 10 % water saturation
before and after carbonation.
that, when excess water is present in the intergranular pore space, calcium ions are
preferentially leached from the granulates and are precipitated outside the granu-
lates.
SEM analysis
µCT imaging gave insights in the location of carbonate precipitation in the inter-
granular pore space of the granulate compact and the ability to link this with the
location of the water in the system. Due to resolution limitations, details about
the precipitated phase, especially inside the granulated particles, are lacking. To
get better insight in the carbonate phases and the structure inside the granulates
the carbonated samples were dried, embedded with resin and an internal plane
polished for SEM-EDS analysis.
SEM images of the carbonated granulates at 10 % saturation are given in figure
4.20. After carbonation the wollastonite minerals have been clearly altered and in
most cases this change is limited to a silica rim formed at the outer edges of the
original wollastonite mineral. In some cases the entire mineral appears altered,
but this could also be an effect of the 2D section through the sample. Carbonate
appears to be present in two distinct forms: as a solid mass filling the pore space
between the wollastonite minerals and as individual minerals lining the rim of the
leached wollastonite grains. The carbonate filling the pore space occurs more in
the zones where the pores are small (microporous zones) and where a lot of small
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wollastonite crystals are present. In the zones with carbonate filling (figure 4.20B),
the alteration zones in the smaller wollastonite minerals (silica layers) are less pro-
nounced and the leaching reaction is incomplete in these minerals. This is most
likely caused by the passivating effect of the newly formed carbonate phase rather
than the Si rim that was formed. The carbonate crystals lining the wollastonite
grains occur at larger pores and these have a more needle-like habit (figure 4.20
C and D). This needle-like crystal habit indicates that these carbonates are most
likely aragonite crystals. In the zones with small pores, the carbonate almost com-
pletely fills the space between the wollastonite crystals and the crystal structure is
almost impossible to distinguish.
When comparing these results to the wollastonite powder experiments dis-
cussed in section 4.2, aragonite only appeared at low degrees of water saturation.
The SEM images in figure 4.20C and 4.20D could be an indication that aragonite
forms in zones where a thin layer of water is present around the wollastonite min-
eral (e.g. larger pores) and calcite forms when the pores are completely saturated
(e.g. pore filling zones in figure 4.20B).
SEM images of the carbonated granulates at 30 % water saturation are given
in figure 4.21. The alteration of the wollastonite minerals is quite similar to that of
10 % saturation. The carbonates formed inside granulates at the 30 % saturation
appear less dense compared to that of 10 % saturation. Sporadically more dense
carbonate precipitations are present in the granulates (e.g. figure 4.19D bottom
left). These carbonates are similar to the pore filling carbonates inside the smaller
pores at 10% saturation, but are much less frequent. Carbonate formed at the
contacts of two granulates are similar to meniscus cements present in carbonate
rocks. This indicates carbonate was precipitated from Ca saturated water present
between the granulates.
A detail inside a granulate shows an overgrowth of aragonite crystals on the Si
rim of the wollastonite minerals (figure 4.22). A large calcite crystal, which was
most likely already present before carbonation (Figure 4.22BSE right side), shows
signs of alteration (dissolution) and overgrowth of other carbonate phases (most
likely aragonite). The chemical EDS map reveals that Ca (red) is almost absent
in the leached SiO2 rims and that the contact of the leached zone and the original
wollastonite mineral is quite sharp. On the other hand, Si (blue) is only present
inside the rims of the original wollastonite pseudomorphs and Si is unlikely to be
precipitated outside the original wollastonite mineral.
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Figure 4.19: 3 slices (A, B and C) through the µCT volume of the grain pack with 30 %
water saturation before and after carbonation. The white arrows indicate the location of
the water in the grain pack before carbonation.
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Figure 4.20: SEM images of the internal structure of the granulates after carbonation at
10 % water saturation. (A) shows an overview of the carbonated granulates, with
carbonate filling the internal pore space (B) and aragonite crystals lining the leached
wollastonite grains (C and D).
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Figure 4.21: SEM images of the internal structure of the granulates after carbonation at
30 % water saturation. A and B represent the overview of the carbonated granulates and C
and D represent details respectively the rim and the core of the grains.
Figure 4.22: SEM-EDS mapping of the internal structure of a granulate after carbonation
at 30 % water saturation. The back-scattered electron (BSE) and the secondary electron
(SEI) image are shown together with mappings for carbon (C), oxygen (O), silicon (Si) and
calcium (Ca).
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4.4 Dynamic monitoring of carbonation using µCT
Experiments on packed wollastonite granulates (section 4.3) illustrated that µCT
was an ideal tool to analyse the carbonate precipitation in the intergranular pore
system. Despite the resolution limitations of the technique, µCT imaging before
and after carbonation allowed to visualize both water and precipitated carbonate in
the pore system, which suggested a strong link between the location of the water
and the precipitation of carbonate. Analysis before and after carbonation gives
however little information about the rate of the reactions in the pore system. The
reaction rate in batch reactor studies is often monitored by sampling fluid samples
from the reactor during the experiments. Fluid sampling can influence the reaction
conditions, but this is often not a problem if the L/S ratio in the reactor is high
(e.g. above 2). To simulate carbonation in steel slag compacts, low L/S ratios are
required and sampling is not only practically very challenging, it will also strongly
influence the carbonation reaction. µCT imaging is non-destructive and can be the
ideal tool to monitor the extent of the carbonation reaction and deduce the reaction
rate.
In section 4.3, µCT scanning was performed at ambient conditions when the
sample was de-pressurized and the temperature lowered to 20 ◦C. The change
in the reaction conditions when the sample is extracted from the reactor can cause
instant precipitation as CO2 will degas from the system and increase the pH in pore
water. To get an accurate idea about the reactions occurring during carbonation,
µCT should visualize the internal structure of the sample in-situ during the reaction
at high pressure (20 bar) and high temperature (80 ◦C).
This section illustrates how µCT combined with a specially designed reactor
set-up allows to visualize the pore space of a grain pack in 3D at a pCO2 of 20 bar
and a temperature of 80 ◦C. This allows to investigate where water, CO2 and solid
are present in the pore system at these conditions, but more importantly, because
µCT is a non-destructive technique, it allows to visualize how these phases interact
with each other during the carbonation process. µCT therefore allows us to monitor
the carbonation reaction in-situ and through time.
4.4.1 Experimental set-up
The pore system was simulated using a grain pack similar to section 4.3. How-
ever, instead of using only reactive wollastonite granulates, quartz grains were also
added in the grain pack. This way a porous system with reactive and non-reactive
grains was simulated with a volume ratio of two thirds non-reactive and one third
reactive granulates. Carbonation experiments were performed using 2 different
set-ups: a custom built set-up on the UGCT EMCT µCT scanner (see section 3.3)
to perform in-situ monitoring of the carbonation reaction and a laboratory set-up
for validation and higher resolution SEM analysis.
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Laboratory set-up
For the laboratory experiment, demineralized water was added to the quartz and
wollastonite mixture until a L/S of 0.1 was reached, after which the wetted mixture
was packed in a polypropylene tube with a diameter of 14 mm and volume of 5
ml. The samples were carbonated in an automated carbonation unit consisting of
a stainless steel Premex autoclave (figure 4.11). The autoclave was heated to a
constant temperature of 80 ◦C and pressurized with CO2 at a pressure of 20 bar.
The pCO2 was kept constant by replenishment of the consumed pCO2 and the
samples were carbonated for 1, 3, 9 and 18 hours. After the carbonation period,
the CO2 pressure was released from the system and the samples were oven dried
at 40 ◦C for a period of 48 hours. The structure and chemistry of an internal
surface of the reactive wollastonite granulates was visualized and analysed using
a scanning electron microscope (SEM, JEOL JSM-5310LV) in combination with
energy-dispersive X-ray spectroscopy (EDS).
In-situ µCT setup The custom built carbonation set-up on the EMCT µCT set-
up consists of a polymer (PEEK) high pressure cell with an inner diameter of 6
mm. The pressure cell has an inlet on the top and bottom to which a miliGAT
low flow pump and a high pressure CO2 cylinder is connected (figure 4.23). The
pressure cell was heated by a metallic resistance heating element outside of the
field of view of the X-ray tube and controlled by an Eurotherm 2132 temperature
controller. To minimize thermal gradient between the heating element and the
scanned zone in the cell, an aluminium foil was placed around the outside of the
PEEK cell in the field of view of the X-ray source. The temperature controller
was calibrated with a temperature sensor placed inside the pressure cell before the
experiments to ensure the desired temperature inside the cell.
The pressure cell was packed with the quartz grains and wollastonite granu-
lates and at the 2 inlets a 4 mm thick porous sandstone (Bentheimer) cylinder was
placed to serve as a filter and keep the grain pack in place during the experiment.
In total 3 carbonation experiments were performed using the µCT carbonation set-
up. The CO2 pressure (20 bar) and temperature (80
◦C) conditions were identical
in all experiments. The liquid saturation inside the pore space however varied be-
tween the experiments. After packing the quartz wollastonite mixture, the pressure
cell was sealed and the temperature inside the cell raised to 80 ◦C. To enhance the
contrast in the µCT images between the liquid (water) and the gas phase (CO2),
CsCl was added to the water at a concentration of 2.5 wt.%. This CsCl doped wa-
ter was pumped into the cell until the pore space was completely saturated with the
fluid. In the first carbonation experiment (4.24 A), after the complete saturation of
the doped water, a valve at the bottom of the cell was closed and CO2 pressure was
increased to 20 bar from the top of the cell. In the second carbonation experiment
(4.24B), the pumping direction was changed after complete saturation and water
PORE SCALE CARBONATION - INFLUENCE OF FLUID SATURATION 4-31
Figure 4.23: In-situ reactor set-up on the EMCT µCT system with an inlet for CO2 at the
top of the set-up and an inlet for water at the bottom.
was drained from the saturated sample until the drainage front reached the bottom
of the sample. Following this atmospheric drainage, the valve at the bottom was
closed and the CO2 pressure was increased to 20 bar. In the last carbonation ex-
periment (4.24C), after complete water saturation, the CO2 pressure was increased
from the top of the sample while the bottom valve was opened, resulting in a more
intense drainage of the sample. After the pressurized drainage the bottom valve
was closed to start the carbonation experiment. Due to the small volume inside the
pressure cell, the CO2 cylinder stayed connected to the cell at constant pressure to
compensate for volume changes due to dissolution inside the water or consumption
by carbonate formation.
µCT scans started immediately after the sample was pressurized and each scan
of 360 degrees took 2 minutes and 20 seconds. In the first 3 hours of the carbona-
tion reaction, scans were taken every half hour. After this period, scans were taken
every hour. In experiment A, where the sample was completely saturated with
water, 17 scans were taken over a period of 12.9 hours. After the last scan, the
extent of the carbonation reaction was still quite low and an additional scan was
taken after 20.5 hours. In experiment B, where the sample was semi-saturated with
water, a total of 18 scans were obtained over a period of 14.1 hours. In experiment
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Figure 4.24: In-situ µCT grain pack experiments. Situation A illustrates the experiment at
fully saturated conditions, B at ambient drainage where water was drained from the
largest pores and C illustrates the situation where water was drained from the system at a
pressure of 20 bar, leaving water only at the rims and grain contacts.
C, where the pore space was mainly CO2 filled, a total of 19 scans were obtained
over a period of 15.2 hours.
All 55 µCT scans were obtained and reconstructed at identical conditions. The
X-ray tube was operated at 65 KeV and at 200 µA. In total, 1401 images were
obtained per rotation at a full resolution of the detector (1300 by 1300 pixels).
In a normal reconstruction of these images, the spatial resolution would be 9 µm.
In the reconstruction applied in this research however, 4 pixels in each radiograph
were grouped to 1 pixel and this resulted in a spatial resolution in the reconstructed
image of 18 µm. The reason for this downscaling was twofold. The downscaling
improved the image quality drastically and no further filtering was needed in the
3D image analysis. Second, the reduced size improved data handling and analysis
of the 55 µCT images drastically.
4.4.2 Workflow for µCT image analysis
The work-flow was identical for all three experiments and is explained based on
the scans of experiment B, the experiment at semi-saturated conditions. After re-
construction, the image analysis package Fiji was used to extract a cuboid from
the cylindrical µCT image and this cuboid was then converted to a single raw-file
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per scan. All raw-files were then imported as time series data in the 3D analysis
package, Avizo Fire 8.1 for further image analysis. Figure 4.25 shows the his-
togram of experiment B at different moments during the carbonation process. In
this histogram we can clearly distinguish different phases based on their attenu-
ation value. The first peak with the lowest attenuation represents the gas phase
in the system, which is CO2. This is the smallest peak and after thresholding of
this phase in the first scan, this phase comprises 7.1 vol.% of the entire volume.
The second peak in the histogram represents the water phase and this represents
35.4 vol.% of the entire volume of the first scan. Together these phases comprise
the macroporosity of the system, which is 42.5 vol.% in the first scan. The to-
tal porosity of the system will be slightly higher, as the wollastonite granulates
are porous themselves. This porosity is however below the resolution of the µCT
image and will also be completely filled with water due to the higher capillary
pressure inside these granulates. The third peak in the histogram represents the
quartz grains. These grains are part of the solid phase, which also include the wol-
lastonite granulates. The wollastonite granulates are an assembly of very small
wollastonite minerals of which some are below the resolution of the µCT image.
The wollastonite granulates will therefore not show as a clear peak in the µCT im-
age due to partial volume effects. The fourth phase is the carbonate phase, which
has the highest attenuation value. It is difficult to set a clear boundary between
the solid phase and the carbonate phase. Due to this difficulty, some large wollas-
tonite crystals were assigned to the carbonate phase, especially in the scans of the
beginning of the carbonation reaction. The boundary was however maintained in
all the scans because these large wollastonite crystals are only a small part of the
total volume and because these phases can easily be identified due to their distinct
elongated shape. The fixed threshold values between the different phases and the
resulting volume of those phases should be considered as indicative rather than
absolute values. The amount of carbonate will be an underestimation, as carbon-
ate crystals below the resolution will not be accounted for due to partial volume
effects. The amount of water, which is the wetting phase in this system, will suffer
from similar limitations and water in pore bodies below the resolution will not be
detected. The obtained values do however allow a better comparison between the
different scans and are therefore ideal to monitor the carbonation related processes
progressing in time.
When taking a closer look how the histogram changes in time, several trends
can be derived. In the first phase, the height of the first peak reduces, which repre-
sents a decrease of the amount of CO2 in the system. This decrease is most likely
caused by the dissolution of this phase in the fluid phase. Another trend can be
seen in the second zone, which shows an increase of the amount of fluid in the
system, which is most likely related to the decrease of CO2 and the reduction of
the (micro)porosity due to carbonate precipitation in the pore space. In the solid
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Figure 4.25: Histogram of the first scan, a scan after 3 hours and the last scan of the
experiment B where the sample is semi-saturated with water.
phase the peak representing the quartz grains remains quasi identical. In the zone
behind the peak, which represents the wollastonite granulates, a lowering of the
attenuation value of this zone can be observed, while a peak is appearing in the
carbonate zone. This effect is caused by a change in the wollastonite granulates
and is due to the formation of silica and carbonate during carbonation. Silica for-
mation will result in a lowering of the attenuation value and a shift to the left in
the histogram, while the precipitation of carbonate will result in the appearance of
a peak at the right side of the histogram, representing higher attenuation values.
The boundaries between the different phases were set the same for the analy-
sis of all 55 scan images. Apart from looking at the changes in the histogram in
time, each phase was thresholded and analysed in 3D to analyse the spatial dis-
tribution of the phases. The thresholded phases allowed to visualize each phase
and calculate its volume. If individual objects could be discriminated, additional
properties were calculated for each object. These properties included the 3D area,
the location in the 3D space, the elongation of the object, the diameter and the vol-
ume. These parameters were especially useful to discriminate larger wollastonite
minerals from the carbonate phases due to the distinct elongated shape.
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4.4.3 Results of the carbonation experiments
Experiment A - fully saturated
In experiment A the grain pack was completely saturated with water before adding
CO2 from the top of the reactor cell. In the very first scan of the sequence, a
few isolated gas bubbles were present in the system. These were however small
and the volume of all bubbles combined comprised only 0.03 vol.% of the entire
volume. In the second scan, which was taken 30 minutes later, the gas phase was
already dissolved into the water phase. From this we can conclude that only water
is present in the system and CO2 can only enter the system by diffusion from the
top of the reactor cell.
Figure 4.26: 3D rendering of the carbonate phase in experiment A and a plot of the
volume of carbonate in function of time.
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The carbonate phase is rendered in figure 4.26 and the plot shows the evolu-
tion of the total volume of carbonate in function of time. The reaction process in
experiment A was initially only monitored during the first 13 hours. Due to the
limited carbonation after these 13 hours, the carbonation process was continued
and an extra scan was performed after a period of 20.5 hours. In the profile of the
volume of carbonate in function of time, a slightly increasing trend was observed
in the first 13 hours. When the data point of the volume of carbonate after 20.5
hours of carbonation was added, a much higher increase was observed. After a
carbonation period of 20.5 hours, a volume of 0.9 mm3 had precipitated in the
grain pack. The total volume of the grain pack was 154 mm3 and this shows that
the amount of precipitated carbonate (0.6 vol.%) was very limited at full satura-
tion. In the 3D renderings of the carbonate phase after 12.9 hours and especially
after 20.5 hours, the carbonate was precipitating at the top of the grain pack. This
is a clear indication that the carbonation front at full water saturation was limited
by diffusion of CO2 from the top of the reactor. This however also shows that a
gradient with a varying degree of carbonate precipitation will form when the pore
space is completely filled with water.
The plot of the volume in figure 4.28 also shows the variation between the
different scans. In the interval between 0.5 and 13 hours there is a slight average
increase, but the individual volume measurements show quite some variation. The
acquisition and reconstruction parameters and the threshold values were identical
for each scan. The variation between the different scans is therefore mainly re-
lated to the image quality and noise level. Although there is some variation due
to the image noise, the general trend can still be identified in this experiment. In
time-resolved imaging the acquisition time should always weighed against image
quality. The acquisition time should be as short as possible to avoid motion arte-
facts, but at the same time long enough to maximize the signal-to-noise ratio.
The analysis of the carbonate phase in figure 4.26 shows the total volume of
carbonate. However, due to the similar attenuation value of wollastonite minerals
with carbonate, some larger wollastonite minerals were thresholded as carbonate
phase. This is also clear from the 3D renderings in figure 4.26 that show the pres-
ence of elongated minerals in the carbonate phase. Calculations on the individual
objects in the carbonate phase confirmed that most minerals have an elongated
shape. The elongation value of an object calculated with 3D image analysis is a
measure for the shape of an object. Round objects will have an elongation value
which is closer to 1, while more elongated objects will have a value which is closer
to 0. This was plotted in a histogram in figure 4.27A which shows that most grains
have an elongation value closer toward 0 and most of the grains in the initial scan
can be considered as elongated wollastonite minerals. After 10.9 hours and 20.5
hours the amount of elongated grains decreased, which was due to dissolution and
leaching of calcium from those grains. The average grain size of the grains in func-
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Figure 4.27: Analysis of individual objects in the carbonate phase. A shows the histogram
of the elongation of each grain at different times in the carbonation process and B the
evolution of the average size of the individual grains in function of time.
tion of time was plotted in figure 4.27B. This graph shows that the average grain
size in the first 5 to 6 hours decreased slightly and afterwards clearly increased
again. This initial decrease could be due to the leaching of Ca from the grains
and a lowering of the attenuation value at the outer rim of the grains. The more
pronounced increase afterwards is clearly due to the precipitation of carbonate at
the top of the grain pack.
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Experiment B - semi-saturated
In experiment B the grain pack was completely saturated by pumping water into
the pore system from the bottom of the cell. Once the cell was completely sat-
urated, the pumping direction was changed and the water was drained from the
system. Water was only drained from the largest pores and the smaller pores and
the granulates were still saturated with water. After the ambient drainage, the bot-
tom of the reactor cell was sealed with a valve, maintaining the water saturation
and after sealing, the CO2 pressure was increased from the top of the sample. µCT
scanning started immediately after CO2 injection and a total of 18 scans were taken
over a reaction period of 14.1 hours.
Figure 4.28: 3D rendering of the carbonate phase in experiment B and a plot of the
volume of carbonate in function of time.
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The carbonate phase was rendered at different moments during the carbonation
process in figure 4.28. In the 3D rendering of the carbonate phase, we can already
see a strong increase in the amount of carbonate after 2.0 hours and this trend con-
tinues in the renderings at 6.1, 10.1 and 14.1 hours. The graph plotting the volume
of carbonate against time confirms this trend. Initially there was a strong increase
in the amount of carbonate that was precipitated. As the carbonation process pro-
gressed, the precipitation rate declined and after 14 hours, the rate appeared to
reach a plateau. This trend was quite different from the trend in experiment A.
In experiment B, carbonation started almost immediately after CO2 injection and
after 14.1 hours, the total volume of carbonate was 4.63 mm3. This was in strong
contrast with experiment A, where only 0.9 mm3 was precipitated after a longer
period of 20.5 hours. The source of the decline in the reaction rate was most likely
caused by the formation of the silica rim, which slows the release of calcium ions
from the wollastonite and therefore slows the overall reaction rate in the system.
The 3D rendering in figure 4.28 at 0 hours was very similar to that of ex-
periment A at full saturation and there were a number of elongated wollastonite
minerals assigned to the carbonate phase. In figure 4.29A the elongation of every
grain in the system is represented as a histogram and at 0 hours, there were 1923
individual minerals in the system and most of these minerals had a very elongated
shape. The amount of elongated minerals in the system rapidly declined when the
carbonation reaction proceeded. Figure 4.29B illustrates that the average size of
the carbonate phase increased rapidly while the number of objects in the system
declined in time.
In experiment B both water and CO2 were present in the pore space. The total
macroporosity in the system was 42.5 vol.% and this was filled with 35.4 vol.%
of water and 7.1 vol.% of CO2 in the first scan after CO2 injection. In figure 4.30
a 3D rendering of the gas phase shows the distribution in the pore space of the
grain pack. CO2 was present throughout the pore network and the phase was well
connected. In the 3D renderings and in the graph it is clear that the amount of
CO2 decreased in time and this goes hand in hand with an increased amount of
water in the pore space. This process was very similar to the imbibition of water
described in figure 4.5 and illustrates the growth of water films and the snap-off
of non-wetting phase blobs in the pore space. This trapping mechanism can be
observed in the µCT images through time. As the amount of water in the pore
space increases, individual bubbles of CO2 got isolated in the pore space. These
individual bubbles disappeared rather quickly and this showed that the imbibition
process was actually caused by the dissolution of CO2 in the water phase. The
graph in figure 4.30 therefore illustrates the dissolution rate of CO2 in the water
and this trend was the inverse of the carbonate precipitation rate in figure 4.28.
From these results it can be concluded that the dissolution of CO2 into the water is
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Figure 4.29: Analysis of individual objects in the carbonate phase. Graph A shows the
histogram of the elongation of each grain at different times in the carbonation process and
B shows the evolution of the average size of the individual grains and the number of grains
in function of time.
driven by the consumption of dissolved CO2 by the carbonation reaction and the
precipitation of carbonate in the pore system.
Experiment C - low saturation
In experiment C the grain pack was also completely saturated with water, but after
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Figure 4.30: 3D rendering of the CO2 phase in experiment B and a plot of the volume of
CO2 in function of time.
saturation, the water was drained from the system by injecting CO2. After drainage
of the water from the system, the valve was closed at the bottom of the cell, placing
the cell at a constant CO2 pressure of 20 bar. Scans started immediately after the
closing of the valve and a total of 19 scans were obtained over a period of 15.2
hours.
The total macroporosity in the grain pack in experiment C, which could be
analysed from the µCT images, was 45.9 vol.% and is therefore a little bit higher
compared to experiment B (42.5 vol.%). Water was mainly present as a film around
the grains and at the grain contacts, but nevertheless, 22.1 vol.% of water was still
present in the system in the first scan. The CO2 made up 23.8 vol.% of the total
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Figure 4.31: 3D rendering of the carbonate phase in experiment C and a plot of the
volume of carbonate in function of time.
volume and was omnipresent in the pore space of the system. Nevertheless, the
amount of water in the pore space increased at the expense of CO2, similar to
experiment B. Due to the omnipresence of CO2 in the pore system, no snap-off
events could be observed.
In figure 4.31 the carbonate phase is visualized in 3D and its volume is plotted
in function of time. The carbonation rate trend, which is displayed in the graph,
is almost identical to the graph of experiment B (figure 4.28). Again, there is a
fast increase in carbonate precipitation in the first hours of the carbonation reac-
tion and this precipitation rate declines in time. This effect is most likely caused
by the formation of a passivating silica layer around the wollastonite grains. After
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a period of 15.2 hours, the reaction rate reaches a plateau and a volume of 4.54
mm3 was precipitated, a value which is very similar to that of experiment B. The
measurements of the individual objects in the carbonate phase were also very sim-
ilar to that of experiment B. Initially, there were 2262 objects presents where most
objects had an elongated shape and can therefore be identified as wollastonite min-
erals. In time, the amount of elongated objects and also the total number of objects
declined, while the average size of the remaining objects increased.
4.4.4 Detailed analysis of the precipitated carbonate phase
The previous results illustrated the possibility to monitor the interplay of the dif-
ferent phases (water, CO2 and solid) during the carbonation process. Although
carbonate precipitation can be visualized in 3D, the resolution of the µCT images
is insufficient to analyse the crystal habit of the precipitated phases. To get a more
detailed insight on the precipitated phases, lab-based experiments, analogous to
the in-situ µCT experiments, were performed in an automated Premex carbonation
unit (figure 4.11). In these experiments water was added to the quartz and wol-
lastonite granulates mixture, until a L/S ratio of 1/10 was reached, which would
agree with experiment C. The grains were then packed in a polypropene tube and
carbonated at 20 bar and 80 ◦C for a period of 1, 3, 9 and 18 hours. After drying,
the samples were embedded with resin, cut in half and polished for SEM analysis.
Figure 4.32: SEM images at different magnifications after a carbonation period of 3 hours.
Image A, B, C and D represent the same region at magnifications of respectively 50x, 200x,
500x and 1000x. Image E and F represent another region in the grain pack and have a
magnification of 500x and 1000x respectively.
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SEM analysis of the internal structure of the grain pack is illustrated in fig-
ure 4.32. In figure 4.32A we see a wollastonite granulate surrounded by quartz
grains. At a higher magnification inside the wollastonite granulate (figure 4.32B)
we can discriminate wollastonite grains (highest grey value) and carbonate (lower
grey value). The carbonate phases appear as clusters inside the wollastonite granu-
lates. In a closer look at one of these carbonate clusters (figure 4.32C and 4.32D),
carbonate is filling the pore space around the wollastonite minerals and is even en-
closing some wollastonite minerals. The wollastonite minerals display a leached
layer of silica around the residual unreacted wollastonite grains and where the car-
bonate phase encloses the minerals, further release of calcium ions into the system
is inhibited. The precipitated carbonate phase is a bulk mass without a distinct
crystal habit. From the fracture pattern in the carbonate, we can however deduce
that the precipitated phase is calcite. In figure 4.32E and 4.32F, other clusters of
calcite were precipitated between wollastonite minerals. In zones where there is
no calcite precipitated however, we observe that no additional phases were present
around the wollastonite grains apart from the silica rim. Due to the absence of
grain lining carbonate phases the leaching of calcium and therefore the carbona-
tion reaction can continue. The rate of this reaction will however be influenced by
the formation of the silica rim, slowing down the overall precipitation reaction.
Figure 4.33: SEM images at different magnifications after a carbonation period of 18
hours. Image A, B and C represent the same region at magnifications of respectively 50x,
200x, 150x. The EDS element map of calcium and silicon shows that the carbonate
precipitates inside the granulate. Image D, E and F represent another region in the grain
pack and have a magnification of 50x, 200x and 750x respectively.
After a carbonation period of 18 hours (figure 4.33), the amount of precipitated
carbonate increased, but is still limited to the inside of the wollastonite granulates.
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The original carbonate clusters, present after 3 hours of carbonation, have grown
and now fill a large part of the original granulate. In the EDS map in figure 4.33C,
the red phase represents silicon, the blue phase calcium and the purple zones the
unreacted zones in the wollastonite minerals. This figure confirms that carbonate
precipitation is limited to the inside of the wollastonite granulates. When calcite
overgrows the original wollastonite minerals, further interaction of the wollastonite
with the system is inhibited and therefore most unreacted wollastonite minerals
were overgrown by the carbonate phase. This carbonate phase shows a lot of
similarities with the dense carbonate precipitations in figure 4.20 and 4.21, but
apart from this dense phase, no other carbonate phases were present. The overall
carbonation degree is also lower compared to the wollastonite granulates in figure
4.3. An effect which is most likely caused because there is overall less wollastonite
and therefore less calcium available in the system for carbonation.
4.5 Conclusion of the wollastonite carbonation ex-
periments
In this chapter, batch experiments were performed on wollastonite powders and on
wollastonite granulates, where the main focus was to investigate the effect of the
water saturation on the carbonation degree and carbonation rate. This simplified
approach was used to get a rough understanding of the processes occurring in the
pore space between water, CO2 and solid. These insights can then be used to
understand the carbonation reactions in a more complex steel slag compact.
The carbonation experiments on the wollastonite powder showed that the de-
gree of carbonation is influenced by the water saturation and the temperature. At
the short time scale used in the experiments, higher carbonation degrees were
reached at high temperatures (80 ◦C) and low saturations (L/S 1/2). Higher sat-
urations, where the pore space was completely saturated with water, resulted in a
lower carbonation degree and this is most likely caused by the limited diffusion
of CO2 into the water. Lower saturations, where both water and CO2 are present
in the pore space, are therefore preferred to maximize the carbonation degree for
short carbonation periods, because in these cases, the limiting effect of CO2 diffu-
sion is lower. There is however a limit to lowering the degree of water saturation
and if the amount of water becomes too low, the carbonation degree decreases,
especially at higher temperatures. This effect is most likely related to a deficiency
of water in the system. During the reaction water can be confined to the micro-
porous amorphous silica layers or evaporate from the system. The formation of
the CaCO3 polymorph aragonite is an indicator for supersaturation, which can be
linked to the deficiency of water. Independent of the formation of aragonite at low
saturation and high temperature, calcite is still the main carbonate phase in all ex-
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periments. To obtain the largest degree of carbonation in the wollastonite powder
at 20 bar of CO2 pressure, the temperature should be increased and an optimum
should be found for the L/S ratio.
To obtain a better idea of the pore scale processes, granulates were made us-
ing the wollastonite powder. These spherical granulates were highly reactive and
allowed to simulate a pore system by making a grain pack with these granulates.
The grain packs are actually a dual porosity system, with large pores between the
granulates (intergranular pore space) and smaller pores inside the granulates (in-
tragranular pore space). Carbonation experiments were performed at 80 ◦C and at
a pCO2 of 20 bar for a period of 24 hours and the water saturation for the experi-
ments were set at 10 wt.% and 30 wt.% in the grain packs. The grain pack before
and after carbonation was analysed using µCT imaging, which allowed to visual-
ize the location of the water in the pore space of the sample and to demonstrate
the presence of the precipitated carbonate phases after carbonation. At 10 wt.%
saturation the water was mainly limited to the intragranular pore space and at 30
wt.% saturation the water was located in both the intragranular and intergranular
pore space. In this intergranular pore space, at 30 wt.%, the water was limited
to the granulate contacts and the smaller pores. After carbonation, the locations
of the carbonate precipitation matched well with the locations of the water phase.
This indicates a clear link between the location of the carbonate and the water dis-
tribution inside the pore system. SEM analysis on the granulate pack allowed to
visualize the carbonate phase at a higher resolution and get a better insight in the
type of precipitated minerals. Two phases of carbonate were precipitated: pore
filling carbonate phases, which were most likely calcite and grain lining carbon-
ate phases, which had a more needle like habit and were identified as aragonite.
Calcite, the pore filling carbonate phase, was present in the smaller pores, which
were most likely completely saturated with water due to the higher capillary pres-
sure in these pores. Aragonite precipitated on the grains in the larger pores, which
were most likely partly saturated with water. These results show that the precipi-
tated carbonate polymorph depends on the local degree of water saturation and/or
CaCO3 saturation, which was already clear from the wollastonite powder experi-
ments.
To analyse the rate of carbonation, dynamic in-situ µCT imaging was applied
and this allowed the monitoring of the precipitation of carbonate in time and also
monitor the interaction between water and CO2 at high pressure and temperature
conditions. Figure 4.34 shows the comparison of the carbonate precipitation rate
at different degrees of water saturation in the grain pack. Trend A illustrates the
carbonation when the sample is fully saturated with water and CO2 can only enter
the sample from the top of the reactor cell. The amount of precipitated carbon-
ate is much lower compared to the experiments at lower saturations. After 20.5
hours the precipitated carbonate was only present at the top of the sample, near
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Figure 4.34: Volume of carbonate through time at full water saturated conditions (A), semi
saturated conditions (B) and low water saturation (C).
the CO2-water front. This indicates that the reaction rate at full water saturation is
controlled by the diffusion of CO2 into the water from the top of the sample. The
reaction rates in the other experiments (B and C) shows a very similar trend and
these are much faster compared to the fully water saturated conditions in experi-
ment A. The trend at lower water saturation shows a fast initial carbonation rate,
which decreases in time. This decrease is most likely caused by the formation of
a passivating silica layer around the wollastonite, which limits the release of cal-
cium in the system and therefore slows down the reaction rate. Unlike experiment
A, a carbonation front is absent in the system and carbonate is precipitated ho-
mogeneously in the grain pack. At the lowest degree of water saturation (C), the
initial carbonation rate is slightly higher compared to the semi-saturated condition
(B). In time, this rate decreases and the amount of carbonate precipitated after 14
hours of carbonation is quasi identical in both saturations. A closer look at the
carbonate phase with SEM shows that the precipitation of carbonate is limited to
the intragranular pores and the precipitated calcite is filling this pore space. There
is however no evidence of any grain lining carbonate precipitations in the system
as opposed to the SEM results in section 4.3 in figure 4.20 and 4.21. The main
difference between the experiment in section 4.3 and section 4.4 is the amount
of wollastonite granulates and therefore the overall amount of wollastonite in the
system. In section 4.3 the grain pack consisted purely of wollastonite granulates
and in this case both pore filling and grain lining carbonate was precipitated. In
section 4.4, the grain pack was a mixture of non-reactive quartz grains and wollas-
tonite granulates. Research by Daval et al. [59] showed that large calcite crystals
were formed at more acid to neutral pH conditions, while small grain lining crys-
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tals were formed in more basic pH conditions. In the pore system in section 4.3
calcium is leached from the wollastonite minerals into the pore fluid and this will
influence the pH of that pore fluid. In the saturated pore space the pH increase will
be lower compared to the increase in a film of pore fluid lining the pore wall in
the partly filled pores. The difference in the precipitated carbonate phases could
be explained by local pH differences in the pore space. The absence of two dif-
ferent carbonate habits in section 4.4 is most likely because less wollastonite is
present in the system, which causes a lower amount of calcium in the pore water
and therefore less pH extremes.
Although different phases tend to precipitate depending on the conditions, cal-
cite is still the main carbonate phase precipitating. From all experiments on both
powders and granulates it is clear that water is a controlling factor in the carbon-
ation rate at the short reaction times applied in the experiments. At lower degrees
of water saturation, the role of CO2 diffusion is limited and the carbonation rate
is controlled by the formation of passivating layers on the wollastonite mineral.
Lower degrees of water saturation are therefore preferred to maximize the degree
of carbonation on a short time scale of a few hours.
5
Steel slag carbonation - a pore scale
study
The process of applying mineral carbonation to valorize fine grained steel slag
residues is explained in section 1.4. In this process, fine grained steel slag residues
are converted into high strength construction materials without the use of a hy-
draulic binder. The schematic overview of the carbonation process is given in fig-
ure 1.5 in section 1.4. In the first step of the process, the fine grained slag is wetted
with water to a L/S ratio around 0.1 and compacted into a mould. The wetted com-
pact is then placed into a reactor vessel, in which the temperature (around 80 ◦C)
and pCO2 (around 20 bar) are increased. During this process CO2 is consumed,
carbonate is precipitated and strength is developed inside the compact. More in-
formation about the process and the properties of the large building block can be
found in Quaghebeur et al. [81].
Although large building blocks can be made, the processes responsible for the
strength development takes place in the pore space between the steel slag grains.
This chapter investigates where carbonate is formed in the pore space of the steel
slag compact and how this influences the strength development in the compact.
In the previous chapter (chapter 4) batch experiments on wollastonite granulate
grain packs were preformed to obtain a better understanding on the interaction
between water, CO2 and solid minerals at the pore scale level. The approach in
this chapter is quite similar to the wollastonite batch experiments in chapter 4.
However, in stead of using a grain pack, small steel slag compacts were made and
carbonated in the µCT high pressure cell. These results were then compared and
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validated with laboratory batch experiments on larger steel slag compacts. In this
pore scale study, carbonation experiments were performed on two types of steel
slag compacts: stainless steel slag (SSS) and Linz-Donawitz (LD) slag compacts.
The compacts were wetted to 10 wt.% water saturation before carbonation and the
carbonation experiments were performed at a pCO2 of 20 bar and a temperature of
80 ◦C.
In section 5.1, the steel slag compacts are discussed and more details about
the carbonation process and set-ups are given. In section 5.2, the results of the
carbonation experiments on the SSS compacts are discussed and this chapter is
mainly based on the paper Monitoring of stainless steel slag carbonation using
X-ray computed microtomography [14]. Section 5.3 compares the carbonation
experiments on SSS and LD slag and the differences in the carbonation process
between the slag types are evaluated.
5.1 Materials and Methods
5.1.1 Materials
The fine grained steel slag, both the SSS and LD slag, were dried at a temperature
of 40 ◦C and sieved into 5 different grain-size classes: <25 µm, 25 to 100 µm, 100
to 200 µm, 200 to 500 µm and >500 µm. After sieving, the three grain size classes
between 25 and 500 µm were chemically and mineralogically characterized us-
ing energy dispersive X-ray fluorescence (ED-XRF) and X-ray diffraction (XRD).
Analysis on the different fractions was performed to reveal the potential enrich-
ment of certain phases or elements in a certain grain size fraction. The chemical
composition of the different grain size fractions for SSS and LD slag is given in
table 5.1. The chemical analysis is in accordance with the data in the literature
shown in table 1.2 and 1.4 in section 1.2. The main elementary difference be-
tween the LD and SSS lies in the calcium, iron and silicon content in the slag. LD
slag has a higher calcium content, a lower silicon content en a much higher iron
content compared to SSS. For the minor elements is the chromium, molybdenum,
niobium, nickel and barium content higher in the SSS compared to the LD slag.
There is further no clear enrichment of certain elements in a specific grain size
class.
The mineralogical content was determined on the different grain size fractions
using XRD analysis with an XPert Pro MPD diffractometer from Philips. The
XRD profile of the SSS (figure 5.1) shows 7 clearly distinguishable crystalline
mineral phases: merwinite (Ca3Mg(SiO4)2), bredigite (Ca14Mg2(SiO4)8), port-
landite (Ca(OH)2), cuspidine (Ca4Si2O7F2), akermanite-gehlenite (Ca2Mg(Si2O7)
- Ca2Al(AlSiO7)), periclase (MgO) and magnesium-iron-chromium oxide ((Mg-
Fe)Cr2O4). Although all mentioned mineral phases are present in every grain size
STEEL SLAG CARBONATION - A PORE SCALE STUDY 5-3
Table 5.1: XRF chemical analysis of different fractions of fine grained stainless steel slag
(SSS) and Linz-Donawitz (LD) slag. x = not reported due to measurement uncertainties.
Element unit SSS F1 SSS F2 SSS F3 LD F1 LD F2 LD F3
Ca % 32.4 32.6 33.2 38.6 35.2 37.2
Si % 16.2 16.2 15.8 7.6 5.4 6.9
Fe % 1.1 1.1 0.7 15.6 16.3 17.7
Mg % 6.8 6.7 6.4 x x x
Al % 1.8 1.7 1.7 1.5 1.0 1.4
Ti % 0.5 0.5 0.6 0.2 0.3 0.3
P % 0.3 0.3 0.3 1.1 0.9 1.0
Na % <0.5 <0.5 <0.5 x x x
Mn mg/kg 8850 8750 10800 20300 22400 22600
Cr mg/kg 21000 20600 23700 823 923 992
V mg/kg 401 387 477 808 960 939
Mo mg/kg 184 189 112 7 9.8 7.8
Nb mg/kg 447 438 482 134 147 144
Cl mg/kg 313 321 293 919 705 718
Ni mg/kg 322 289 198 <5 30.2 14.1
Cu mg/kg 19 16.8 13.2 6.3 6.6 7.3
Zn mg/kg 14 26.9 16.1 77.2 88.2 66.7
Sr mg/kg 237 245 257 195 242 222
Zr mg/kg 251 268 255 42.8 34.7 33
Ba mg/kg 324 334 324 153 127 138
fraction, portlandite and periclase are more abundant in the fine grained fraction
(25-100 µm). Bredigite, on the other hand, was enriched in the coarser fractions
(100-500 µm).
The XRD profile of the LD slag is given in figure 5.2 and clearly shows that
portlandite (Ca(OH)2) is the most abundant phase in the slag. In figure 5.2 the
Y-axis of the profile has been clipped for reasons of clarity, but the portlandite
peak at 18.1 ◦2Θ of the smallest grain size F1 has an intensity of 5760 counts per
second, while the large grain sizes F2 and F3 only have an intensity of 3407 and
2986 counts per second respectively. This shows a clear enrichment of portlandite
in the smallest grain size fraction between 25 and 100 µm. Other crystalline min-
eral phases in the LD slag are calcite (CaCO3), lime (CaO) and iron rich phases
like srebrodolskite (Ca2Fe2O5), taenite (γ−(NiFe)), wustite (FeO) and magnetite
(Fe3O4). Most of these mineral phases seem evenly distributed between the differ-
ent mineral phases, except for the nickel-iron alloy taenite, which appears enriched
in the finest fraction.
The XRD profiles of the SSS and the LD slag are clearly very different and
this is caused by the difference in the chemical composition between the slags.
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Figure 5.1: XRD profile of stainless steel slag (SSS) showing the mineralogy in different
grain size fractions.
Figure 5.2: XRD profile of Linz-Donawitz (LD) slag showing the mineralogy in different
grain size fractions.
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The main mineral phases in LD slag are portlandite and iron rich phases, while in
SSS mainly calcium rich silicates form due to the higher silicon content. In both
slag powders, portlandite is enriched in the smallest grain size fractions, although
the total amount of portlandite in the two slag types is very different.
For generating the compacts, a mixture of 35% of grain-size class 25 to 100
µm, 35% of class 100 to 200 µm and 30% of class 200 to 500 µm was made and
to the mixture 10 wt.% demineralized water was added. The wetted mixture was
compacted in a mould at a pressure of 350 kg/cm2. Two types of compacts were
generated using a mould of 42 mm diameter and a mould of 6 mm diameter. The
42 mm diameter compacts were carbonated in an automated carbonation unit con-
sisting of a stainless steel autoclave (figure 4.11) and were used for further char-
acterization using conventional analysis techniques. The compacts generated with
the smaller 6 mm diameter mould were used for visualizing and in-situ analysing
the carbonation process using µCT.
5.1.2 Carbonation experiments and analysis
Large compacts
Two sizes of steel slag compacts were made: larger pellet shaped compacts with
a diameter of 42 mm and smaller cylinders with a diameter of 6 mm. The 42 mm
diameter pellets were carbonated in an automated carbonation unit with a Premex
autoclave, which was heated to a constant temperature of 80 ◦C and pressurized
with CO2 at a pressure of 20 bar. The CO2 pressure was kept constant by replen-
ishment of the consumed CO2. The compacted steel slag pellets were carbonated
for time periods of 0.5, 2 and 8 hours, in order to monitor the progress of the
carbonation reaction. The SSS larger compacts were submitted to uniaxial com-
pression tests to get an idea about the strength development in function of time.
The material after the compression tests was recovered to determine the weight
loss in the samples in function of temperature using a Netzsch STA 449 C ther-
mogravimetric analysis (TGA) system. TGA on the 42 mm SSS compacts allows
to monitor the amount of hydrated phases and carbonate phases in function of the
carbonation time. XRD analysis was performed on the SSS compact after a car-
bonation period of 8 hours to analyse the differences in the mineralogy due to the
carbonation process. Finally, subsamples were drilled from a non-carbonated and
from an 8 hour carbonated SSS pellet for µCT scanning, to get a better insight in
the 3D pore structure of the compacts and to be able to reveal potential differences
in carbonation between the large 42 mm pellets and the smaller 6 mm cylinders.
Small compacts
The 6 mm compacts were carbonated in a polymer reactor cell at a CO2 pressure
of 20 bar and a temperature of 50 ◦C. Unlike the experiments in section 4.4, these
5-6 CHAPTER 5
Figure 5.3: µCT carbonation setup for small steel slag compacts.
µCT carbonation experiments were performed on the dual head X-ray µCT system
(figure 3.19 in section 3.3). The dual head µCT set-up allows for much higher
resolutions compared to the EMCT set-up and this resolution was necessary to
analyse the pore space in the steel slag compacts. When the steel slag compact
was placed in the cell, there was still a small space between the cell wall and the
sample, which allowed transport of CO2 along the sample. However, although CO2
could fill the space around the sample, the cell was pressurized simultaneously
from both top and bottom, to avoid drainage of water from the steel slag compact.
Water saturation was already proven to be an important influencing factor for the
extent and rate of the carbonation reaction (chapter 4). Using the double CO2
injection in the cell, multiphase displacement effects were minimized and a better
simulation of injection in large batch reactors was obtained.
Different experiments on both SSS and LD compacts were performed using
the high pressure cell µCT set-up. The in-situ experiments on SSS compacts are
discussed in section 5.2. In these experiments, the polymer cell was heated with
water running through tubing around the cell wall and this heating manner lim-
ited the temperature to 50 ◦C. The SSS compacts were scanned through time to
monitor the changes of the internal structure throughout the carbonation process.
In total 4 CT scans in the reactor cell were obtained at different points in time.
Initially, the sample was scanned in the cell at ambient conditions, after which the
cell was heated to 50 ◦C and CO2 was gradually added to the cell until a pressure
of 20 bar was attained. The second and third scan were performed during a pCO2
of 20 bar and a temperature 50 ◦C after 0.5 and 8 hours of exposure, respectively.
After the third scan, the reactor cell was cooled and depressurized to ambient con-
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ditions and the sample was dried. After drying, the fourth scan was performed.
The acquisition time per scan was just below 1 hour.
In section 5.3, the steel slag compacts were not scanned in-situ, but before and
after carbonation in the polymer reactor cell. Experiments on SSS and LD slag
were performed and the internal structure was compared before and after carbon-
ation. The steel slag compacts were placed in the polymer batch reaction cell and
scanned before carbonation. After scanning, the cell was taken off the scanner,
placed in a water bath which was heated to 80 ◦C and the sample was carbonated
for a period of 8 hours at a pCO2 of 20 bar. The reaction conditions were identical
for both SSS and LD slag compacts in order to make a good comparison between
the influence of carbonation on the pore structure.
For the scans, the dual head µCT set-up was equipped with the transmission-
type X-ray tube in combination with the Varian PaxScan 2520V a-Si flat panel
detector. The X-ray source operated at 120 kV in microfocus mode and beam
hardening artefacts were diminished using a 1 mm thick aluminium filter. The to-
mographic data sets were reconstructed using the Octopus software package. The
reconstructed 3D volumes of the sample in the polymer reactor were matched us-
ing the 3D attenuation based rigid body registration algorithm in the DataViewer
software package from Bruker microCT, in order to obtain an overview of the spa-
tial changes in the carbonating sample. The software package Morpho+ was used
for further analysis on the reconstructed 3D image to obtain quantitative informa-
tion about the porosity, pore size distribution and grain abundance.
Although µCT has the great advantage of visualizing the pore space in 3D in a
non-destructive manner, the resolution is often limited to visualize the entire pore
range in the pore network. The µCT voxel size of the scans varied between 2.9
µm (section 5.2) and 3.4 µm (section 5.3), depending on the carbonation experi-
ments. The voxel size was however too limited to capture the information of the
micropores in the pore network, nor detailed information about the crystal habit of
the precipitated phases. Therefore, after complete carbonation, the compacts were
embedded with resin, cut in half and an internal surface was visualized and chem-
ically analysed using a scanning electron microscope (SEM) (JEOL JSM-6340F)
in combination with energy-dispersive X-ray spectroscopy (EDS) measurements.
5.2 Stainless steel slag carbonation
5.2.1 Characterization by conventional analysis techniques
The results from the uniaxial compression test on the 42 mm SSS compacts are
shown in figure 5.4 and illustrate the increase in strength in function of the carbon-
ation time. Before carbonation, the average strength of the compacts was 1.8± 0.4
MPa. After 0.5, 2 and 8 hours of exposure, the samples had an average strength
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of 39 ± 4 MPa, 52 ± 1 MPa and 55 ± 4 MPa respectively. Initially, there was a
fast increase in strength as illustrated in figure 5.4. After 2 hours of carbonation,
the increase in strength was less pronounced. The results furthermore show that
in merely 2 hours of carbonation, samples with strengths above 50 MPa could be
generated. If we compare this to common compressive strength values in bricks
(5-20 MPa) or Belgian blue stone (120-190 MPa), this material can be considered
as very suitable for the construction industry in terms of strength.
Figure 5.4: Evolution of compressive strength and amount of carbonate in function of
carbonation time [14].
The amount of carbonate in the SSS compacts after 0, 0.5, 2 and 8 hours was
determined using TGA and the results are given in figure 5.4. TGA of the SSS
before carbonation indicated a loss in mass of 0.2 wt.% around 430 ◦C and a
second loss in mass of 0.5 wt.% between 550 ◦C and 800 ◦C. These losses
correspond respectively to 0.7 wt% portlandite and 1.2 wt% calcite. After 0.5
hours, all the portlandite in the material was carbonated and 8 wt.% calcite was
present. After 2 and 8 hours carbonation there was respectively 10 wt.% and 13
wt.% calcite present. Thermogravimetric analysis showed an initial rapid decrease
of portlandite and a slower increase of calcite with progressing carbonation. In
figure 5.4 the increase in strength matches well with the amount of CO2 lost from
the material. After 2 hours carbonation a high strength compact was created and
44 g of CO2 is bound in carbonate per kg of SSS. After 8 hours the compressive
strength of the compacts increased even further and 59 g of CO2 was bound in
carbonate per kg of SSS.
The XRD analysis of the non-carbonated SSS is given in figure 5.1 and showed
7 clearly distinguishable crystalline mineral phases: merwinite, bredigite, port-
landite, cuspidine, akermanite-gehlenite, periclase and magnesium-iron-chromium
oxide. In figure 5.5, the XRD profile of the non-carbonated finest fraction of the
SSS is compared with the XRD profile of the carbonated SSS. When comparing
the XRD data before and after 8 hours of carbonation, the portlandite phase was
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Figure 5.5: XRD analysis on SSS before and after carbonation. Adapted from [14].
no longer present, which is in accordance with the TGA results, and the intensity
of the diffraction peaks of mineral phases like merwinite, cuspidine, bredegite,
periclase and akermanite-gehlenite have substantially decreased. Calcite on the
other hand appeared, a phase which could not clearly be identified before carbona-
tion. The position of the calcite diffraction peak at 29.66 (◦2Θ) and superimposed
peaks at 29.78 ◦2Θ and 29.86 ◦2Θ indicated that elements like Mg were incor-
porated in the calcite lattice. Based on the position of these calcite diffraction
peak(s) the Mg incorporation could be estimated to be between 8 and 15 mole%
MgCO3 [161–163].
From the previous measurements it is clear that the carbonate phases formed
due to pressurized CO2 exposure were responsible for the strength increase of the
SSS compacts. Structural information about the formed carbonate and the location
of the carbonate were determined using SEM. Figure 5.6 represents an internal sur-
face of a SSS compact carbonated for a period of 8 hours. SEM imaging showed
the complexity in mineral constitution in the SSS compacts. SEM-EDS point mea-
surements confirmed this mineral variety between different grains and even within
some individual grains. In figure 5.6, a detail of a pore is given with mappings for
calcium (B - red), silicon (C - blue) and Mg (D - white). The combination of these
elemental maps illustrates a carbonate phase that mainly consists of calcium with
incorporation of magnesium. The carbonate crystals were preferentially located
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Figure 5.6: SEM image of internal surface of a compact carbonated for 8 hours (A) and
SEM-EDS mappings of Ca (B - red), Si (C - blue) and Mg (D - white) [14].
at the grain contacts and to a lesser extent at the pore walls. The carbonate phase
itself is not texturally homogeneous and is quite rich in small pores.
In many cases, calcium (and magnesium) have been dissolved from the outer
layer of the silicate minerals leaving a cation-depleted silica rich layer behind,
indicating an incongruent dissolution of the silicate minerals. The XRD data shows
no increase in any crystalline silica phase, indicating that these silica rich zones,
on the original silicate minerals, most likely consist of amorphous silica. The
reaction process is comparable to the aqueous carbonation reaction observed for
wollastonite (CaSiO3) [59, 68, 97, 100]. However, from the results it is unclear if
the formed silica layer is developed during carbonation by an interface-coupled
dissolution precipitation model [68] or a preferential leaching of cations [100].
It must be noted that in some localized pores, layers of precipitated amorphous
silica are interlaced with the carbonate, as illustrated in figure 5.7. This could
indicate that some locations in the pore network have other chemical conditions
(local pH or saturation extremes) that allow silica dissolution and precipitation.
The silica layer between the carbonate layers could however also be formed by
a scaling of the silica layer from the original grain, followed by the precipitation
of carbonate around the scaled layer. This effect would be made clear from a 3D
observation, but this is impossible from the 2D plane in the SEM image.
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Figure 5.7: SEM image of internal surface of a compact carbonated for 8 hours and
SEM-EDS mappings of Ca (red), Si (blue) and Mg (white), showing the silica layers
interlaced with carbonate layers.
5.2.2 Results for the µCT analysis of the SSS carbonation ex-
periments
The subsamples of the 42 mm diameter compacts were scanned and the resulting
µCT images had an isotropic voxel size of 2.9 µm. A detail of a 2D slice through
the scanned non-carbonated and carbonated sample is given in figure 5.8. The
pore space, the phase with almost no attenuation, is represented in dark grey to
black. The mineral grains are represented by a wide range of light to bright grey
values due to their variety in elements and densities, representing the complexity
of the minerals present in the SSS. The 2D slice in figure 5.8a represents the non-
carbonated sample. The carbonated sample in figure 5.8b shows the presence of
a carbonate phase located between the grains and in the smaller pores, similar to
the SEM image (figure 5.6). For the 3D image analysis on these images, the same
Figure 5.8: A detail of a 2D slice through the scanned non-carbonated (A) and carbonated
(B) SSS [14].
attenuation interval was chosen to compare the porosity in the different scans. The
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main limitation of the porosity determination on the µCT images in comparison to
other techniques was however the resolution of the scanned sample. The porosity
below the voxel size of 2.9 µm in the µCT image cannot be distinguished, which
results in an underestimation of the porosity with respect to other techniques like
mercury intrusion porosimetry or water absorption porosimetry. A comparison of
the porosity values from different techniques is difficult due to the fact that the
techniques are based on different physical principles and the sensitivity of each
technique for different pore size ranges. However, knowing the limitations of the
techniques, general trends can be deduced from the porosity values, especially
when comparing scans at different moments in the carbonation process.
The total porosity before carbonation, determined with 3D image analysis, was
21.7 %. The calculated closed porosity was only 0.3 % and in reality these pores
can still be connected with pore throats below the voxel size of the scan. The
amount of closed porosity can therefore be considered negligible, indicating that
almost all the pores were connected. The 8 hour carbonated sample had a total
porosity of 16.7 % of which 0.5 % was calculated as closed porosity. A carbonation
process of 8 hours of SSS compacts with a grain size range from 25 to 500 µm
caused a limited decrease of the pore space of 5 % of the compact, but significantly
increased the compressive strength of that compact. Furthermore, the decrease did
not cause a closing or clogging of the pore system. The change in porosity was
consistent with the thermogravimetric analysis in figure 5.4, where an additional
12 wt.% carbonate was observed after 8 hours carbonation.
The pore size distribution was obtained by digitally dividing the pore network
in individual pore bodies using a watershed based separation. After separation
individual pores were described using their maximum opening, i.e. the diameter
of the biggest sphere that fits inside the pore. In figure 5.9, the pore size dis-
tribution in terms of maximum opening is given for the non-carbonated and the
carbonated compact. The graph shows that the amount of pores with a maxi-
mum opening larger than 50 µm was the same before and after carbonation. The
amount of pores with a maximum opening between 50 and 18 µm decreased af-
ter carbonation, however the amount of pores with a maximum opening below 18
µm increased. The volume of these pores in function of their maximum open-
ing showed that the porosity change between the carbonated and non-carbonated
sample was occurring in the pores with a maximum opening below 50 µm. These
results showed that the carbonation in the SSS compacts had little effect on the
larger pores. Carbonates precipitate in the small pores with a maximum opening
below 50 µm, causing a decrease of the amount of these pores and an increase in
smaller pores due to incomplete filling of the pore by the precipitation.
The previous measurements show that carbonation causes a drop in porosity
mainly in the intermediate pores, without closing of the pore network. However
to clearly quantify the change in the pore network of the SSS compact and de-
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termine how the individual mineral grains react during the carbonation process,
it is crucial to monitor the same sample during the carbonation process. There-
fore, smaller 6 mm diameter SSS compacts were carbonated in a polymer reaction
cell and the internal changes were monitored through time using µCT. The poros-
ity determined by 3D image analysis of the samples before CO2 exposure and at
ambient conditions was 20.7 %, with 20.4 % open porosity. After 8 hours expo-
sure and temperature and pressure conditions of 50 ◦C and 20 bar, the porosity
dropped to a value of 16.2 %, with an open porosity of 16.0 %. The open porosity
in the sample after carbonation at ambient conditions and after drying of the sam-
ple was 18.0 % and the total porosity 18.5 %. The porosity values above should
not be considered as absolute values for the porosity, as this is most likely an un-
derestimation due to the lack of micropores below the voxel size of the scan. The
porosity values were however determined on scans of the same sample, acquired,
reconstructed and analysed using the same parameters, which allows to obtain a
good comparison of the porosity at different stages of the carbonation process.
The values of the 6 mm diameter samples differ slightly from the subsamples
taken from the 42 mm compacts. The initial porosity before carbonation was 1
% lower in the 6 mm sample and the porosity after carbonation was 1.3 % higher
in the 6 mm sample. Although the measurements in the 42 mm subsamples were
performed on 2 different samples, the porosity change due to carbonation was less
pronounced in the 6 mm samples. This effect is most likely caused by the differ-
ence in temperature between the 2 experiments, due to limitations in temperature
of the reactor cell for in-situ µCT analysis. A temperature difference of 30 ◦C has
an impact on the dissolution of Ca and Mg from the silicates and therefore on the
progression of the carbonation reaction. This was already illustrated by figure 4.12
and 4.13 in section 4.2 in chapter 4. In reality the temperature difference between
the small and larger compacts will be more pronounced due to the exothermic na-
ture of the carbonation reaction, causing an even higher temperature in the 42 mm
diameter compacts.
Figure 5.9 represents the digitally determined pores size distribution in the 6
mm diameter samples, where the individual pores are described using their max-
imum opening. The graph indicates that the larger pores with a maximum open-
ing larger than 50 µm, remain similar before, during and after carbonation. The
smaller pores however change significantly throughout the carbonation process. In
the graphs of the 6 mm diameter compact, before and after carbonation a similar
trend as the 42 mm samples is present. The amount of pores with a maximum
opening between 50 and 18 µm diminishes after carbonation. Consistent with the
data from the CT scans on the 42 mm compacts, the amount of pores with a max-
imum opening below 18 µm increases again. The graph of the amount of pores
during the carbonation process is quite different from the other graphs below a
maximum opening of 50 µm. The amount of smaller pores decreases more drasti-
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Figure 5.9: Pore size distribution before and after carbonation in the 42 mm diameter
compacts and the pores size distribution before, during and after carbonation in the 6 mm
diameter compacts. The solid line represents the number of pores, while the doted line
represents the volume of those pores with respect to the total pore volume. [14]
cally in the interval between 50 and 18 µm and there is no increase in the amount
of very small pores below a maximum opening of 18 µm. The change in poros-
ity occurs mainly in the pores with a maximum opening below 60 µm, especially
during the carbonation reaction. The apparent difference in porosity and pore size
distribution between the scan during carbonation and the scan after carbonation
and drying is most likely caused by the presence of water saturated with ions. The
presence of water in the pores increases the attenuation value of those pores, mak-
ing discrimination with the surrounding material sometimes difficult. The water
filled pores can therefore be allocated as material in the CT image, lowering the
porosity in the scanned image. In the scan during exposure this underestimation
of the pore space is present in the smallest pores. This indicates that the water is
limited to the smaller pores and capillaries, while the larger pores are filled with
the CO2 gas phase. Carbonate precipitation mainly occurs in the smaller pores and
at the grain contacts where water is present, while the reaction in the large pores is
limited. These results are quite similar to the results in chapter 4.
Apart from precipitation of carbonate phases in the smaller pores and capillar-
ies, dissolution also occurs during the carbonation process. To assess the amount
of dissolution, the CT images before and after carbonation were matched and di-
vided, highlighting the differences. A 2D slice through the divided 3D images is
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represented in figure 5.10. The black spots represent the zones where dissolution
occurred whereas the white zones represent the newly formed precipitates due to
carbonation. The amount of dissolved phases represents about 1 % of the total
volume of the sample, which is however a considerable part of the difference in
porosity between the scan before and after carbonation. The individual dissolution
zones were compared to the 3D CT image of the sample before carbonation to
analyse which grains or which type of material had been dissolved. This showed
that the dissolved zones do not represent entire grains, but only parts of the SSS
grains. This indicates that certain parts of the SSS grains preferentially dissolve,
which is most likely related to the multimineralic nature of the SSS grains deter-
mined in the SEM images. When comparing the differential image with the 3D
CT image after 0.5 hour of carbonation, the parts of the SSS grains that are dis-
solved after 8 hours of carbonation are still present. Dissolution is therefore still
taking place after 0.5 hour of carbonation in selective zones in the compacted SSS,
even though the first carbonates have already formed near the grain contacts. The
dissolved minerals have an intermediate grey value in the CT image, which makes
it difficult to deduce their mineral composition. From the TGA measurements, it
is clear that portlandite has already reacted after 0.5 hours in the carbonation pro-
cess. The SEM images demonstrated an incongruent dissolution of Ca and Mg
from the silicates, indicating that the completely dissolved phases are most likely
(hydrated) magnesium oxide. XRD analysis in figure 5.5 shows that the intensity
of the diffraction peak of MgO has decreased after 8 hours carbonation. When
combining the XRD, TGA and µCT data it is clear that at the used reaction condi-
tions calcium hydroxide reacts fast, giving an initial strength to the SSS compact
while CaMg-silicates react much slower through time. The dissolved calcium from
the silicates will precipitate in the pore network of the SSS further strengthening
the compact with limited influence on the permeability of the pore network.
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Figure 5.10: 2D slice of a matched and divided 3D image. Dissolution spots in black
(white arrow) and precipitation in bright white [14]. The sample has a diameter of 6 mm.
5.3 Comparison SSS and LD slag carbonation
The previous chapter showed how the strength development due to carbonation in
SSS compacts is related to pore scale precipitation processes and in particular to
Mg-rich calcite precipitating at the grain contacts and in the smaller pores of the
SSS compact. It was shown that the small pores (<50 µm) of the compact were
affected by the carbonation, while larger pores remained open. The carbonation
also did not clog the pore network and the larger pores were still connected in the
carbonated SSS.
In this section, small 6 mm diameter, SSS and LD slag compacts are carbon-
ated and their pore structure was analysed with µCT and SEM before and after
carbonation. Quaghebeur et al. [81] already illustrated that high strength building
materials could be made by carbonating both SSS and LD slag. However, anal-
ysis of the chemical and mineralogical composition in section 5.1 demonstrated
important differences between both steel slags. The main mineral in LD slag was
portlandite (figure 5.2), while in SSS, portlandite is far less abundant and Ca-rich
silicates are the main mineral phases (figure 5.1). For SSS, results from TGA and
XRD measurements (section 5.2) illustrated that portlandite reacted much faster
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compared to the silicate phases. Because LD slag mainly consists of portlandite,
the carbonation behaviour will most likely be quite different compared to SSS and
this could have its effect on the pore network of the resulting building material.
A pore scale study is therefore applied to reveal potential differences in the pore
structure of these compacts due to the carbonation process.
5.3.1 SSS compacts
µCT analysis before and after carbonation
The compacted SSS cylinder had a diameter of 6 mm and a height of about 2 cm.
The zone for µCT scanning was centrally chosen and the height of this zone was
4.5 mm. The voxel size of the scanned 3D images was 3.4 µm. A 3D rendering of
the SSS compact before and after carbonation is given in figure 5.11, showing that
the compact has a granular internal structure. It consists of clearly distinguishable
grains at all grain sizes with an intergranular porosity. The 3D renderings before
and after carbonation appear quite similar and this is because there is little change
in the larger pores, as we know from the results in section 5.2. When paying special
attention to the zones where a lot of small grains are located together, carbonate
appears to have filled this pore space.
Figure 5.11: 3D rendering of the SSS compact before carbonation (A) and after a
carbonation period of 8 hours (B). The sample has a diameter of 6 mm.
The porosity in the 3D µCT image was determined by setting a single threshold
value in the histogram of the image. In figure 5.12A, the histogram of the non-
carbonated and the carbonated sample are given. In the histogram of the non-
carbonated sample, two distinct peaks are present: a first peak, at the left hand
side of the histogram, representing the low attenuation phases and a second peak,
on the right hand side, representing the highly attenuating phases. The first peak
represent the air and the threshold for the porosity was set just after this first peak.
All voxels with an attenuation value lower than this threshold value are considered
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as pore space. The attenuation values beyond this threshold value represent the
SSS material and there is quite a lot of variation in these attenuation values due to
the complex chemical composition of the SSS.
Figure 5.12: Histogram of the SSS compacts before and after carbonation, with an
indication of the porosity threshold value (A) and a detail of a 2D slice through the µCT
volume before (left) and after carbonation(right) (B). The sample diameter is 6 mm.
When comparing the histogram of the non-carbonated and the carbonated SSS
(5.12A), the first peak is lower, indicating a decrease in porosity after carbonation.
The zone in between the peaks has changed drastically and a bulge to the left
hand side of the second peak has formed. The bulge represents the precipitation of
carbonate, which has an attenuation value which is lower compared to most SSS
grains. This is also illustrated in figure 5.12B, where a detail of a slice through the
µCT volume before and after carbonation is shown.
The calculated porosity in the non-carbonated SSS was 25.5 vol.% and almost
all pores form a connected pore network. After carbonation, the porosity is reduced
to 20.0 vol.% and the pores are still well connected. Carbonation causes a porosity
reduction of 5.5 vol.%, which is comparable to the porosity reduction calculated
on the µCT images of the subsamples from the 42 mm SSS compacts in section
5.2. It seems therefore more likely that the lower porosity reduction in the smaller
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6 mm compacts in section 5.2 is caused by the temperature difference of 30 ◦C
between the experiments.
Figure 5.13: The differential image of the SSS compact before and after carbonation. More
white zones represent newly precipitated phases, more black zones represent dissolved
phases. The sample diameter is 6 mm.
To obtain a better view on the location of the precipitated phases, a differential
image is made by matching the 3D µCT images, followed by subtracting the µCT
before carbonation from the µCT image after carbonation. In the resulting differ-
ential image, the precipitated phases will be represented by more white grey values
and in figure 5.13, this phase forms a web-like network with more dense clusters.
This again confirms that carbonate is precipitated at grain contacts at the rim of
the grains and fills the pore space in the small pores. Apart from precipitated
phases, dissolved phases can also be distinguished in the differential image and
these are represented by more black grey values. In figure 5.13, some black spots
are available and these represent (partly) dissolved minerals in the SSS compact.
The dissolution of minerals in the SSS compact is however limited (1.3 vol.%) and
this is in accordance with the results is section 5.2.
5.3.2 LD compacts
µCT analysis before and after carbonation
The compacted LD cylinder had the same size as the SSS compact and a central
zone in the compact was scanned at a voxel size of 3.4 µm. A 3D rendering of the
LD compact before and after carbonation is given in figure 5.14 and here individual
grains are more difficult to discriminate. In the renderings, larger grains seem to
be present in a fine grained ground mass and intergranular porosity is harder to
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distinguish compared to the clearly granular SSS compact. The difference between
the non-carbonated and the carbonated compact is even more difficult to observe
in the LD compact.
Figure 5.14: 3D rendering of the LD compact before carbonation (A) and after a
carbonation period of 8 hours (B). The sample diameter is 6 mm.
This is also illustrated in details of a 2D slice through the µCT volume before
and after carbonation in figure 5.15B. The larger grains are here easy to discrim-
inate, but most smaller grains are much more difficult to delineate. This is also
reflected in the histogram of the non-carbonated LD sample in figure 5.15A which
shows only one broad peak. After carbonation this peak becomes higher and more
pronounced, which can be related to a general attenuation increase when port-
landite, the most abundant phase in LD slag (figure 5.2), is carbonated to calcite.
The left side of the peak also decreases after carbonation indicating a decrease
of the porosity. The fine grained ground mass is most likely microporous (pores
smaller than 3.4 µm), which can explain the difficult distinction of the pores in the
images and the continuous histogram.
Setting a threshold for the porosity was very difficult due to the shape of the
histogram. A threshold was set and the porosity before carbonation was 15.5 vol.%
and after carbonation 9.0 vol.%. These values are however an underestimation of
the porosity and this is another indication that a large part of the pores are below
the resolution of 3.4 µm. The pore size distribution in the LD slag is therefore
very different compared to the SSS, where intergranular pores could more easily
be distinguished and where there was no clear indication of microporous phases.
In the differential image in figure 5.16 there is no clear evidence of a web-like
pattern with cluster of the precipitated phase like in the SSS compact. Instead there
is a larger variation in the more white grey values throughout the differential image.
The amount of dissolution zones, more black grey values, is also much larger in the
differential image and more grains show leaching rims or are completely dissolved.
The total amount of the dissolved zones was 4.3 vol.%. The results suggest a
recrystallisation of the mineral to carbonate phases rather than the precipitation of
carbonate around the mineral in the pore space.
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Figure 5.15: Histogram of the LD compacts before and after carbonation, with an
indication of the porosity threshold value (A) and a detail of a 2D slice through the µCT
volume before and after carbonation (B). The sample diameter is 6 mm.
SEM analysis of the carbonated LD sample
The resolution of the µCT images was clearly insufficient to capture the pore space
in the LD slag compacts. SEM imaging on an internal plane of the carbonated
sample was therefore performed to get a better insight in the pore distribution in
the carbonated LD slag. Image 5.17 shows details of a polished section inside the
carbonated compact. The lower magnification images in figure 5.17A and 5.17D
are similar compared to the µCT images, the larger grains with a higher attenuation
can be clearly distinguished. The grains with a lower attenuation are more difficult
to discriminate and some of these grains appear to be microporous (figure 5.17A).
In figure 5.17B and the EDS mapping, carbonate overgrowths can be discriminated
on the iron rich mineral grains and the lower attenuating carbonate grains show
more microporous zones in the outer layers of the grain. Details in figure 5.17E
and 5.17F confirm that a recrystallization of portlandite to calcite occurs through
an interface-coupled dissolution-precipitation process [164] and that the calcite
phase is microporous. This is very different from the more solid carbonate rims
forming in the SSS compacts.
5-22 CHAPTER 5
Figure 5.16: The differential image of the LD compact before and after carbonation. More
white zones represent newly precipitated phases, more black zones represent dissolved
phases. The sample diameter is 6 mm.
Figure 5.17: SEM images of the internal structure of the carbonated LD slag. The
back-scattered electron images A, B, D, E and F were obtained at a magnification of
respectively x200, x750, x50, x1000 and x1000. C represents de an EDS mapping of the
zone represented in backscattered image B and shows the distribution of calcium (red),
silicon (blue) and iron (green).
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5.4 Conclusion
High strength building materials can be generated by carbonating fine grained SSS
or LD slag without the addition of binders [81]. The chemical and mineralogical
characterization in section 5.2 illustrate the important constitutional differences
between the SSS and LD slag. The SSS is chemically much richer in silicon and
has a lower calcium and iron content. This is also reflected in the mineralogi-
cal composition of the SSS, where the most abundant mineral phases are Ca-rich
silicate phases, while in the LD slag, portlandite (Ca(OH)2) is the main mineral
phase.
A detailed pore scale study of the strength development due to carbonation in
SSS waste compacts is given in 5.2. Analysis using conventional analytical tech-
niques in combination with µCT have shown that the carbonates formed during
carbonation mainly precipitate at the grain rims, grain contacts and in the capillary
pores. The results of the SSS carbonation experiments in section 5.3 confirm these
observations and show that dissolution of minerals is minimal in the compact.
SSS compacts are clearly grain supported and the strength is developed by the pre-
cipitation of carbonate around these grains. The location where these carbonates
precipitate is mainly restricted to the location of the water in the pore system and at
low saturation this is at the grain contacts and in the smaller capillary filled pores.
A simplified illustration of carbonation process in SSS is given in figure 5.18. In
the initial compact, water is wetting the Ca-rich silicates and is located as a film
around the grains and at the grain contacts. When CO2 is injected into the system,
it will dissolve into the water and calcium will be leached into the water phase.
Due to low fluid content in the system and the basic pH conditions in the slag, the
pore fluid will quickly be saturated with respect to calcium carbonate and calcite
will precipitate. Carbonate will precipitate primarily at the grain contacts, which
will bind the silica grains together and strengthen the compact.
The results of the pore scale analysis of the carbonation reaction in LD slag
compacts (section 5.3) is quite different compared to the carbonation in SSS com-
pacts. In the LD slag compacts, the larger grains are located in a more fine grained
microporous matrix. A simplification of the carbonate process in LD slag com-
pacts is illustrated in figure 5.19. When the LD compact, which mainly consists of
portlandite grains, is wetted and when CO2 is injected, the portlandite grains will
be replaced by calcite pseudomorphs following an interphase-coupled dissolution-
precipitation process [164]. In this recrystallization process, water will be released
into the system and fill the pore space in the compact. Further precipitation of
carbonate will take place in the water filled pore space and will manifest as a mi-
croporous carbonate phase filling these pores. This microporous carbonate phase
will bind the recrystallized portlandite grains and other minerals together and gen-
erate strength in the compact.
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Figure 5.18: Simplified carbonation process in SSS compacts showing the link between the
location of the water before carbonation in the system and the resulting location of the
carbonate phases after carbonation.
Figure 5.19: Simplified carbonation process in LD compacts where portlandite grains are
recrystallized to carbonate and bound together by a microporous pore filling cement.
6
Upscaling pore scale processes to
larger building blocks
Due to confidentially reasons this chapter is not fully disclosed in this version
of this work. In the following chapter the general results are presented, without
detailed results about the investigated samples. In chapter 4 and chapter 5 the
carbonation reaction was analysed and monitored on a pore scale level. The main
focus of these chapters was to determine how minerals react and where carbonate
precipitates in the pore space between those minerals, with respect to the water and
CO2 distribution in the pores. In chapter 4 it was clear that the rate and extent of the
carbonation process was strongly related to the water saturation in the pore system.
In chapter 5 a strong link between the location of water, carbonate precipitation and
strength development could be demonstrated in stainless steel slag compacts. The
processes responsible for the strength development in the steel slag compacts (see
chapter 5) are essentially pore scale processes and therefore independent of the
size of the compact. However, other processes can come in play when considering
larger steel slag compacts, especially building block size samples. Quaghebeur
et al. [55, 81] already illustrated that large building blocks with high strength can
be made without the addition of a binder. In this chapter, the internal structure of
two large stainless steel slag (SSS) compacts were investigated. Depending on the
applied process parameters however, inhomogeneities inside the large compacts
can occur, which are examined and an attempt is made to pinpoint the exact cause
of inhomogeneities.
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6.1 Carbonation of larger building blocks
In this chapter, the internal structure of large carbonated SSS building blocks with
a size of 300 by 100 by 100 mm were investigated to see if these building blocks
are homogeneously carbonated. The building blocks were made from fine grained
SSS, which had a slightly different chemical constitution and grainsize compared
to the experiments in chapter 5. The SSS powder was wetted, compacted in a
rectangular mould and carbonated in a large reactor. To get a better insight in the
degree of carbonation in these large samples, the internal structure of the samples
was investigated by cutting the samples in half. Apart from visual observations of
the internal cutting planes, permeability measurements were performed to obtain
a better idea of the influence of the carbonate precipitation on the pore network
in the samples. A mapping of the permeability of the internal cutting planes was
obtained using a handheld air permeameter. Because carbonation will influence the
pore structure of the compact, it will also influence the transport of fluids through
that pore network. When carbonate precipitates, it will mainly form where water
is located between the grains in the compact, reducing the general pore space and
therefore reducing the permeability of this zone. The permeability reduction could
therefore be a measure for the degree of carbonation in different zones of in the
compact.
Figure 6.1: Transversal cutting plane through a fully carbonated sample with a
permeability map of the surface.
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The permeameter, illustrated in figure 6.2, is a TinyPerm II of New England
Research Inc. and allows to non-destructively measure the permeability on the
surface of a sample. It consists of a rubber nozzle with an outer diameter of 23
mm and an inlet with a diameter of 9 mm. For measurement the rubber nozzle is
placed on a sample surface and a vacuum inside the permeameter is created. Air
is then drawn in through the sample and a microcontroller measures the pressure
change in function of time. The nozzle seals the inlet from its surroundings and
air is forced to pass through the sample to enter the nozzle and the permeameter.
The restoration of the atmospheric pressure in the permeameter therefore depends
on the petrophysical properties of the zone on the sample surrounding the nozzle.
The size of the influencing zone surrounding the nozzle therefore also depends
on the petrophysical properties and can vary from sample to sample or zone to
zone. In the samples measured in this study, the size of the influencing zone was
believed to have a radius of roughly 1 cm surrounding the nozzle inlet. After
the atmospheric pressure level is restored within the permeameter, the value T is
provided and this is a measure for the air permeability K (mD) at that point on the
surface of the sample. The relation between the value T from the permeameter and
the permeability of the sample is given in equation 6.1. More information about
the TinyPerm II in relation to other gas-driven permeability measurements can be
found in Filomena et al. [15].
T = −0.8206log(K) + 12.8737 (6.1)
An internal surface of a completely carbonated sample is illustrated in figure 6.1A
and based on visual observations the sample appears completely carbonated after
a carbonation period of 8 hours. A permeability map of the surface (figure 6.1B)
was acquired by measuring the permeability value K (mD) every centimetre on a
regular grid on the cutting plane and interpolating the measurements. The result
from these mappings show that the permeability is quite homogeneous throughout
the sample. In the core the permeability is slightly lower compared to the edges of
the sample.
Details of the pore structure and carbonation in between the SSS grains were
obtained by drilling subsamples from the core and edge of the fully carbonated
sample and analysing the surface of the subsamples with SEM. The drill locations
are shown in figure 6.1A and after drilling the samples were dried at 40 ◦C for a
period of 48 hours. The samples were embedded with resin at vacuum conditions,
the surface polished and coated for SEM analysis. SEM analysis was used to get
insight in the pore structure in the different zones and the degree of carbonation.
Figure 6.3 shows that the degree of carbonation in the core and at the edge is
comparable. Slightly more carbonate is precipitated in the core and this is also
reflected in the porosity analysis determined by image analysis on the SEM images
6-4 CHAPTER 6
Figure 6.2: The handheld air permeameter TinyPerm II and an illustration of the principle
of the measurement (based on Filomena et al. [15]).
at 200x magnification, which was 12.9% in the core and 16.8% in the edge of the
sample.
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Figure 6.3: Backscattered SEM images of subsamples from the core and the edge of the
fully carbonated sample.
6.2 Incomplete carbonation of building blocks
6.2.1 Surface analysis
The previous sections illustrates that large, completely carbonated building blocks
can be generated. In exploring and pushing the limits of the reaction conditions,
especially when a higher initial water content was applied, incomplete carbona-
tion and fracturing occurs in the building blocks. Such a sample is further dis-
cussed in this section to discover why this sample is not completely carbonated
and fractured. From this sample the internal structure was investigated by cutting
the sample in half along the cutting planes illustrated in figure 6.4.
The surface of the internal cutting planes of the sample is illustrated in figure
6.5 and shows an inhomogeneous internal structure. This is very different from
homogeneous carbonation observed in the completely carbonated sample in figure
6.1. Two different zones can clearly be discriminated: a light coloured outer rim
and a more dark inner core. The outer rim of the building block shows a smooth
surface, while the inner core has a more rough texture. The inner core has more
rough features, suggesting the loss of individual grains while the sample was cut
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Figure 6.4: Overview of the investigated internal surfaces.
in half and therefore indicating a lower degree of carbonate precipitation between
the grains. The outer rim suggests a higher degree of carbonation and shows a
sharp contact between the less carbonated inner core. The pattern of the zones is
slightly cross shaped and the lower carbonation zone extends towards the corners
of the sample. In the lower left corner of figure 6.5A, a fracture has formed in one
of these weakly carbonated zones. The size of the less carbonated inner core in
figure 6.5B is on average 13.3 by 6.5 cm and the surface area is 55 % of the total
area of the transversal cutting plane.
Figure 6.5: Illustration of internal structure inside a inhomogeneously carbonated sample.
A represents the transversal cutting plane and B the longitudinal cutting plane. The holes
in B are locations where subsamples were taken for further analysis.
On the internal surfaces displayed in figure 6.5 a permeability value was mea-
sured every centimetre on a regular grid on the cutting plane, which is the zone
within the black 6.6. Additional measurements on the adjacent surfaces of the
sample surrounding the cutting plane were also added (measurements outside the
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black square). A mapping of the T values from the permeameter and the calcu-
lated permeability K (mD) was obtained by interpolating the measurements on the
regular grid. The result from these mappings are shown in figure 6.6. High T val-
ues in zones with features like fractures give extreme permeability values, due to
the logarithmic relation between the T values and the gas permeability K. Because
these extreme permeability values mask other features in the mapping, these data
points were omitted in the permeability map.
In the mapping of the TinyPerm T values on the internal planes of the sample
(figure 6.6A) a larger central zone can be discriminated from the rim. A few dis-
tinct zones with unexpected T values are however present in both the transversal
and longitudinal cutting plane. These features correspond well with the fracture
which can be seen in figure 6.5 and these were omitted in the permeability mapping
of the sample.
In the permeability map in figure 6.6B, the core zone appears to have an av-
erage permeability between 350 and 550 mD. There are however still some ex-
treme values around 900 mD in the permeability map. These values lie however
in the vicinity of a fracture and are therefore most likely influenced by the nearby
fracture, which makes the values not representative for the permeability in the in-
ner core. The permeability in the more carbonated rim was around 100 mD. The
boundary between the core and the rim also appears not very sharp and this could
suggest a gradient of carbonation degree in the core. The cross shaped habit of the
core in the transversal plane is somewhat masked by the fracture in the lower left
corner, but can still be distinguished in the permeability data. The permeability
appears to be slightly lower in the corners of the sample.
The reason for this inhomogeneous carbonation in the sample and the resulting
zoning is most likely related to the water distribution in the sample. From chap-
ter 4 it was clear that the saturation degree in the pore space between the silicate
grains had an important effect on the carbonation reaction rate. Apart from the in-
homogeneities in the degree of carbonation, a second inhomogeneity in the sample
is the variation in permeability at the corners of the samples. This is most likely
related to the compaction itself. When a grain pack is compacted, strain patterns
in the shape of an hour glass often occur and these patterns match well with the
inhomogeneities in the corners of the compact. To obtain a better idea about exact
difference between the zones, subsamples were taken in these different zones and
the pore structure investigated.
6.2.2 Pore scale analysis on sub-samples
To get a better idea about the porosity and the degree of carbonation in the dif-
ferent zones, cylindrical subsamples with a diameter of 5 mm were drilled from
those different zones. The drill locations are shown in figure 6.5 and were chosen
6-8 CHAPTER 6
Figure 6.6: Mapping of the permeability on the transversal and longitudinal cutting
planes. The map of the data from the TinyPerm II (T values) is represented in A and the
permeability K map in B, without the extreme values from the fractures. The black line is
the limit of the cutting plane and the values outside this line were measured on the
adjacent planes surrounding the cutting plane.
based on the permeability map in figure 6.6. Subsamples were taken in the core,
just next to the core-rim boundary in the more carbonated zone and at the outer
edge of the building block. From the drilling of the samples it was already clear
that the samples drilled from the core were much less coherent compared to the
samples from the rim zones. After drilling the samples were dried at 40 ◦C for a
period of 48 hours. One sample from each zone was embedded with resin at vac-
uum conditions, the surface polished and coated for SEM analysis. SEM analysis
was used to get insight in the pore structure in the different zones and the degree of
carbonation. The dried subsamples in the different zones were also used for mer-
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cury intrusion porosimetry (MIP) analysis, to obtain a better idea about the pore
size distributions in the sample.
SEM analysis
SEM analysis was performed using a JEOL JSM-5310LV operated at 20 kV and
78 µA, with a spot size of 12 nm. Apart from visual observations of the inter-
nal structure at different magnifications, an attempt was made to determine the
porosity in the different zones using image analysis. This was determined on SEM
images at 200x magnification, where each pixel had a size of 0.625 by 0.625 µm.
The individual images have a size of 1024 by 800 pixels and covered a surface of
640 by 500 µm at 200x magnification. The covered surface in the sample is how-
ever quite low and to enhance the representativity of the porosity determination,
16 individual images at 200x magnification were stitched together and the result-
ing image used for analysis. This process was identical for the 3 subsamples from
every zone in the sample.
Image analysis was performed with the software package Fiji [136] using a
single threshold on the unfiltered stitched BSE SEM image. Setting a threshold
for the porosity analysis proved to be quite user dependent, which was due to
the elementary and mineralogical heterogeneity in the sample. To ensure a better
comparison between the subsamples from the different zones and because the SEM
images were taken at identical conditions, the same threshold value was chosen
for all stitched images. The porosity values, obtained from the image analysis,
should be seen as indicative values rather than absolute values. This is due to
the limited image resolution, inherent to most imaging techniques, and due to the
limitation of 2D imaging, which does not allow to unambiguously discriminate
between isolated pores and open porosity.
In the SEM images from the core zone (figure 6.7 core) there is no clear indica-
tion for carbonate precipitation between the grains. The individual SSS grains can
clearly be discriminated and these are not bound together by carbonate at the grain
contacts or carbonate lining the grain surface. This explains the rough surface of
the core on the internal surface in figure 6.5, because individual grains are easily
removed from the surface. The permeability measurements on the core in figure
6.6 therefore reflect the permeability of pore space between the grains without
any influence from carbonate. These permeability measurements therefore reflect
the overall permeability of the sample before carbonation. Image analysis on the
stitched image at 200x magnification showed that the porosity in the core zone was
about 25.7 %.
The pore structure of the outer edge of the carbonated sample (figure 6.7 edge)
clearly shows carbonate precipitation between the SSS grains. The SSS grains are
mainly bound together with carbonate precipitated at the grain contacts. In zones
with smaller grains, where grains have crumbled due to the compaction pressure,
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Figure 6.7: SEM images of the less carbonated core and the outer edge.
the carbonation is more prominent and even filling the smaller pores in these zones.
The carbonation in these zones is comparable to the observations in the small com-
pacts in chapter 5. The porosity determined from the stitched image at the outer
edge is 17.3 %. The SEM images of the carbonated rim between the core and the
Figure 6.8: SEM images of the carbonated rim surrounding the less carbonated core.
outer edge of the sample (figure 6.8) show a higher degree of carbonate precipi-
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tation compared to the edge. The precipitation is not limited to grain contacts or
zones with a lot of small pores, but is filling most pores. Porosity is limited to some
large pores and the pore wall of those larger pores is smooth and undulating. The
shape of the large pore bodies shows a lot of similarities to the shape of the CO2
blobs in the in-situ wollastonite carbonation experiment at semi-saturated condi-
tions in section 4.4 (figure 4.30). The shape of the carbonate precipitation could
indicate that the water saturation in this zone was quite high, that CO2 was limited
to the larger pore bodies and carbonate completely filled the zones were water was
originally present. The SEM images at the highest magnification in figure 6.8,
suggest that the carbonate phase is microporous, but it is unclear from the SEM
images if these pores are isolated or connected to the rest of the pore network. The
porosity calculated on the stitched images was 8.4 % and this indicates that a zone
is present around the non-carbonated core with a very high degree of carbonation
and a low permeability.
Mercury Intrusion Porosimetry (MIP)
The SEM analysis showed that the pore structure in the three zones were very dif-
ferent from the core to the outside of the sample. The inner core of the carbonated
compacts can be considered as non-carbonated and in the carbonated zone around
the rim, the amount of carbonate is the highest at the contact with the core and
decreases towards the outside of the compact.
The pore network and the fluid occupancy in the pores are parameters that are
controlling the carbonate precipitation. To get a better idea about the pore size
distribution in the different zones and better insights in the overall carbonation
process in the compacts, subsamples were subjected to MIP analysis. MIP analysis
was performed with Pascal 240 Porosimeter by Thermo scientific, which delivers
a maximum pressure of 200 MPa, corresponding to a pore diameter of 7.3 nm.
The amount of mercury in the sample in function of the pressure (corresponding
to a pore diameter) in the sample is given in figure 6.9. The total porosity of
the non-carbonated core, the highly carbonated rim around the core and the outer
edge of the sample is respectively 28.5 %, 3.2 % and 16.4 %. The values for the
outer edge and the inner core match quite well with the values determined from
the SEM image analysis (respectively 25.7 %, 8.4 % and 17.3 %), despite the fact
that MIP also measures a pore range below the pixel size of SEM images. For the
highly carbonated rim surrounding the core, the total MIP porosity is much lower
compared to the porosity determined using image analysis on the SEM image.
This could be an indication that at least a part of the larger pores are isolated from
the pore network. In the core zone, 45 % of the mercury volume is injected in
pores between 200 and 2 µm and another 34% in pores between 2 and 0.2 µm. In
the carbonated zones the relative volume of mercury in the pores between 200 and
2 µm even increases to 53 % in the outer edge and to 80 % in the rim around the
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core. This relative increase is at the expense of the pores below 2 µm, indicating a
preferential carbonation in the smaller pores.
Figure 6.9: MIP profile showing the volume of mercury in the sample in function of the
calculated pore diameter.
Capillary pressure curve MIP is essentially the injection of a non-wetting phase
(Hg) in the pore space. Because this is a non-wetting phase, a pressure needs to be
applied to get the Hg into the porous sample and the applied pressure is a function
of the pore size in which the Hg can intrude. The pressure is the capillary pressure
generated in a pore with a certain pore size at the interface of Hg and air and is
determined by the relation in equation 4.4. A MIP profile in figure 6.9, essentially
illustrates the volume of mercury at a given pressure and this therefore represents
the capillary pressure profile of the core in the sample. This profile can be con-
verted to other fluid systems where a wetting and non-wetting phase is present and
the interfacial tension γ and contact angle Θ between the phases are known.
In this case we want to simulate the displacement of water by CO2 when the
wetted compact is exposed to CO2 at a pressure of 20 bar. Calculation of the cap-
illary pressure requires two immiscible fluids. The water-CO2 system is however
not an immiscible system, as CO2 will dissolve in the water over time. This was
already illustrated in section 4.4 and figure 4.30, where the volume of CO2 de-
clined in the pore system at the expense of water. The dissolution of CO2 was
driven by the carbonation reaction as this consumes CO2. When pressurizing the
wetted compact with CO2, the displacement is virtually instantaneous and the two
fluids can be considered as immiscible in this short time frame. To simulate the
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displacement in the non-carbonated compact the MIP profile from the core zone
was chosen. In the core, carbonate precipitation is absent and the pore structure
should therefore be the equivalent of the pore structure in the entire sample be-
fore carbonation. The capillary pressure curve for the water-CO2 system can be
calculated from the Hg-air MIP profile from the core according to the relation in
equation 6.2.
Pc(CO2,H2O) = Pc(Hg,Air)
γ(CO2,H2O)cosΘ(CO2,H2O)
γ(Hg,Air)cosΘ(Hg,Air)
(6.2)
Pc represents the capillary pressure, Θ the contact angle and γ the surface ten-
sion between the immiscible fluids. The contact angle (cosΘ(Hg,Air)) and the
surface tension (γ(Hg,Air)) for the Hg-Air system (MIP system) are known and re-
spectively 140◦ and 0.48 N/m. In the CO2-water system, CO2 is considered to be
completely non-wetting in the SSS and the contact angle (cosΘ(CO2,H2O)) is there-
fore set to 180◦. Bachu et al. [165] showed that the surface tension (γ(CO2,H2O))
of CO2 and pure water increases with temperature and decreases with pressure.
For our calculation the experimentally determined surface tension from Bachu et
al. [165] was chosen, as this value of 0.0681 N/m was closest to our experimental
conditions.
Figure 6.10: Capillary pressure curve for CO2 and water in the non-carbonated core.
When CO2 is injected at 20 bar, 75% of the pore space will be drained and 25 % of the
pores will remain water filled due to capillary forces.
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The capillary pressure curve for water and CO2 in the non-carbonated SSS
compact is given in figure 6.10. This represents the amount of water in the pore
system at a given CO2 pressure and if the pCO2 increases, more water will be
drained from the system. In the carbonation experiment, CO2 is injected at a pres-
sure of 20 bar (2 MPa) and in the capillary pressure curve this corresponds to a
water saturation of 0.25. This implies that 75 % of the water will be drained from
the pore system at a pCO2 of 20 bar and only 25% water will remain in the small-
est pores of the compact. When CO2 is injected into the system, a large part of
this volume will be displaced towards the core of the sample and the core will
therefore be completely saturated with water. From chapter 4 it was clear that the
carbonation reaction at complete saturation was mainly limited to the diffusion of
CO2 and this implies that the carbonation will be many times slower in the water
saturated core, compared to the water drained rim with a residual water content of
25 %.
6.3 Overall carbonation reaction in large SSS com-
pacts
Based on the information of the large compacts in this chapter and the results
from the pore scale investigation of wollastonite (chapter 4), a general idea about
the progress of the carbonation reaction and the development of carbonate in the
large SSS compacts is illustrated. Based on this carbonation model suggestions
are provided to improve the carbonation of large SSS compacts.
6.3.1 Overall carbonation reaction in large SSS compacts
When the fine grained SSS is wetted and compacted, the water will be homoge-
neously distributed in the pore space of the compact. The degree of compaction
will however influence the porosity and pore size distribution in the compact and
therefore the water distribution in the compact. At a higher degree of compaction,
the porosity will decrease, relatively increasing the amount of water in the pore
space. High compaction pressure can however cause breakup of the original steel
slag grains and therefore increase the number of small pores in the pore network.
In figure 6.11 a model of a large SSS compact is represented and pore scale details
of the different zones are illustrated. Before the compact is pressurized with CO2,
the water is homogeneously distributed throughout the sample and will preferen-
tially be located at the grain contacts and in zones with clusters of small pores.
The wetted compact is placed on a porous plate inside the reactor vessel which
allows CO2 to enter from all sides of the compact when the pCO2 is increased.
When CO2 enters the large compact, water will be displaced and because the pCO2
is increased around the sample from all sides simultaneously, the water will be
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Figure 6.11: Representation of the large SSS compact before carbonation with pore scale
details from the different zones.
pushed in the core of the sample. This is illustrated in figure 6.12 and will result
in different water saturation zones throughout the sample. The amount of water
that is displaced depends on the pore size distribution in the compact, the initial
water saturation and the applied pressure. The capillary pressure profile of the
non-carbonated sample showed that 2/3 of the water in the pores is displaced at a
pCO2 of 20 bar. This resulted in a large non-carbonated core, which comprised
more than 50 % of the internal surface of the sample in figure 6.5.
At the edge of the sample in figure 6.12, all the pores with a capillary pres-
sure lower than the pCO2 will be drained and the residual water will therefore be
limited to the smallest pores in the system. Due to the roughness of the grain sur-
faces, which in a way can be seen as very small pores, a film of water will remain
lining the pore walls. This water distribution can be compared to the situation of
experiment C in section 4.4, where most of the water was drained from the wollas-
tonite grain pack. The core, which is completely saturated can be compared with
the dynamic wollastonite carbonation experiment A in section 4.4. The interface
between the core and the edge matches with experiment B in section 4.4 and will
have a very high water saturation, but will still have capillary fingers of CO2 in the
largest pores of the pore system.
By analogy with the experiments in section 4.4, we know the carbonation re-
action in the saturated core is limited by the diffusion of CO2, while carbonate
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Figure 6.12: Representation of the large SSS compact after CO2 injection and water
displacement.
precipitation will start shortly after pressurization in the zones that are partly sat-
urated with water. From the results on the SSS compacts in chapter 5 we know
that the carbonation is limited to the zones where the water is located in the pore
system. The carbonate precipitation will therefore be limited in the edge of the
sample, as this contains less water, and more pronounced in the rim surrounding
the saturated core.
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Figure 6.13: Representation of the large compact after carbonation, with pore scale
details of the degree of carbonation in the different zones.

7
Conclusions and future outlook
The focus of this work is on the valorization of steel slag and CO2 using a car-
bonation process. In this carbonation process individual steel slag particles are
bound together and CO2 is consumed to generate high strength building materials.
Chapter 1 gives a background about the socio-environmental context of this work.
It shows that the iron and steel industry is an important source of anthropogenic
greenhouse gas emissions and produces a lot of solid by-products (slag). This
solid waste stream can however be considered as an important secondary source
of metals, but this resource is currently not exploited, as there is no solution for
the non-metallic part of this waste stream after the metal extraction. The work-
flow how the fine grained steel slag, after metal extraction, is converted into high
strength building materials is explained in section 1.4 and in this process a compact
of steel slag is carbonated at elevated pCO2 (20 bar) and temperature (80
◦C).
The process behind the strength development in the steel slag compacts, min-
eral carbonation, is essentially a process occurring at the pore scale. To get a
better understanding on the strength development in the pores of the compact, X-
ray computed microtomography (µCT) was applied to visualize the internal struc-
ture of the compact in 3D with micrometer resolution. Visualization of the pore
space before and after carbonation was already possible on the µCT systems at
the UGCT. However, the main challenge in the field of µCT was to visualize the
pore space at the conditions of carbonation, to understand the interplay between
the solid, water and CO2 at a temperature of 80
◦C and a pressure of 20 bar. To
perform in-situ 3D visualization, high pressure cells with temperature control were
designed and developed for the µCT systems at the UGCT (section 3.5). The com-
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bination of µCT, which is a non-destructive technique, with the add-on modules for
in-situ visualization, allowed to monitor the change in the pore space of the com-
pact at micrometer resolution during the carbonation reaction. Apart from these
hardware developments, which allowed in-situ dynamic µCT imaging, progress
was also made in the analysis of this dynamic 3D data. To analyse the changes
between the sequential µCT scans and map the extent of the dissolution and the
precipitation, differential imaging was applied (section 3.4).
In chapter 4, a simplified reactive grain pack was used to evaluate the effect of
the water saturation in the pore space on the carbonation degree and carbonation
rate. Batch experiments showed that the water content in the pores is a controlling
factor in the carbonation rate at reaction times below 20 hours. At complete water
saturation, the carbonate precipitation is controlled by diffusion of CO2 in the
water, while at lower degrees of water saturation, the role of CO2 diffusion is
limited and the carbonation rate is controlled by the formation of passivating layers
on the reactive minerals in the grain pack. Lower degrees of water saturation are
therefore preferred to maximize the degree of carbonation on a short time scale of
a few hours.
In chapter 5, a pore scale study on the carbonation reaction in two types of
fine grained steel slag (SSS and LD) compacts was performed, with special at-
tention to the strength development in the compact. Characterization of the steel
slag revealed important differences in the chemical and mineralogical constitution
of the steel slag types and this was also reflected in the pore scale carbonation
behaviour. In SSS waste compacts, which are mineralogically richer in calcium
silicates, carbonates mainly precipitate at the grain rims, grain contacts and in the
capillary pores and mineral dissolution is minimal in the compact. SSS compacts
are clearly grain supported and the strength is developed by the precipitation of
carbonate around these grains. The location where these carbonates precipitate is
mainly restricted to the location of the water in the pore system and at low satu-
ration this is at the grain contacts and in the smaller capillary filled pores. In LD
slag compacts, which are rich in calcium(hydr)oxides, larger grains are located in
a more fine grained microporous matrix. The calcium(hydr)oxide grains will re-
crystallize to calcite during carbonation and water will be released into the system
during the recrystallization process and fill the pore space in the compact. Further
precipitation of carbonate will take place in the water filled pore space and will
manifest as a microporous carbonate phase filling these pores. This microporous
carbonate phase will bind the recrystallized portlandite grains and other minerals
together and generate strength in the compact.
In chapter 6, the internal structure of large carbonated SSS building blocks
were investigated and these specific building blocks were chosen because they
showed incomplete carbonation and fracturing. The inhomogeneities inside the
large compacts were examined and the exact cause of inhomogeneities was re-
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vealed by looking at the pore scale differences inside the building block. Dis-
placement of water in the building block at the moment of CO2 injection was the
cause of an inhomogeneous water distribution and this resulted in an inhomoge-
neous carbonation inside the building block. By changing the initial water content
of the building block, inhomogeneous carbonation was resolved and completely
carbonated building block with compressive strengths up to 110 MPa were ob-
tained.
In this work progress was made in two research fields: the understanding of
pore scale processes during carbonation with a special focus on steel slag carbon-
ation and dynamic in-situ µCT imaging. The results concerning the understanding
of pore scale processes during carbonation illustrate the importance of the fluid dis-
tribution inside the pore system and its effects on the kinetics of the carbonation
reaction and the location of carbonate precipitation inside the pores. The experi-
ments in this research were specifically focused on the carbonation of fine grained
steel slags and how carbonate precipitation influences the strength development in
the carbonated steel slag compacts. The insights and the work-flow described in
this research can however also be used for the recycling, valorization and stabiliza-
tion of other slag types like non-ferrous slag and incineration slag. Especially for
the non-ferrous slags, which include among others the copper, nickel, lead, zinc,
tin and phosphorous slags, there is a large potential in the recovery of (critical)
metals from the slag and carbonation could be a great tool to stabilize the slag after
metal extraction or even make new products from these slags. Further research is
however needed to determine the valorization potential of these non-ferrous slags.
Providing an economic value to these waste streams, while consuming CO2, is an
excellent way to ensure a more sustainable future.
This work addresses, apart from waste valorization, another crucial environ-
mental issue: the sequestration of the GHG CO2. The results of the pore scale
interactions between minerals, CO2 and pore fluids are important for other studies
like the underground storage of CO2 in reservoir rocks. The distribution of CO2
and water in the pores of the reservoir will influence the dissolution and trapping of
CO2 in the reservoir. This will in turn also influence how dissolved CO2 can inter-
act with the minerals in the reservoir rock. These minerals can dissolve, increasing
the porosity of the reservoir rock, but new mineral phases can also precipitate in
the pore space. Precipitation can potentially clog the pores or pore throats and
blockage can even inhibit the further injection of CO2. A better understanding of
pore scale processes, especially in partly water saturated pores, is essential to en-
sure a safe and permanent storage of CO2 in the underground. The insights in this
work and in particularly the work-flow applied in the experiments could easily be
used for in-situ experiments on reservoir samples.
The developments made in the field of µCT and especially the in-situ dynamic
3D imaging should be considered as the first steps into a new future for µCT. De-
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spite the fact that there are still many challenges to tackle in ”traditional” µCT
imaging, for example the continuous quest to improve the quality and resolution
of the µCT images, dynamic in-situ visualization should be considered as new
field in µCT imaging. In-situ µCT imaging truly allows to visualize and analyse
the sample under given environmental conditions and therefore provides a better
understanding how these environmental conditions influence the sample. The pres-
sure cells developed in this work can be used to study other geological materials
like reservoir rocks and permit to visualize how these rocks behave at reservoir
pressure conditions. High reservoir pressure conditions could induce fractures in
the rock or even seal fractures which are present at ambient conditions. In-situ
imaging could be used to visualize fluid distributions of CO2 and water or even
oil and water in the pores of the reservoir rock at high pressure and temperature
conditions. These are a few examples of potential applications of the in-situ equip-
ment developed in this work in the field of geoscience, but this can also be applied
to other materials. Dynamic µCT imaging furthermore allows to analyse how a
sample, which is exposed to certain environmental conditions, will alter over time
and this will provide new insights into the underlying processes causing the alter-
ations in the sample. Until now, 4D or time resolved µCT imaging often involved
scanning a sample, removing it from the scanner to expose it at certain environ-
mental conditions in a laboratory environment and scanning the altered sample
again to analyse the differences before and after alteration. Dynamic in-situ µCT
imaging is no longer limited to the resultant of the alteration, but allows to monitor
the alteration reaction in time, which gives a much better insight on the reaction
process and even the reaction kinetics. Dynamic in-situ 3D imaging will be a new
revolution in the field of µCT in the near future and it will become an essential tool
in numerous applications, to get a better understanding of the dynamic processes
which drive and constantly alter the world around us.
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List of abbreviations
• µCT: X-ray computed microtomography
• ABS: air-cooled blast furnace slag
• AOD: argon oxygen decarburisation
• APC: air pollution control
• BF: blast furnace
• BOF: basic oxygen furnace
• BSE: back-scattered electrons
• C2S: dicalcium silicates
• C3S: tricalcium silicates
• CAT: computerized transversal axial scanning tomography
• CCD: charge-coupled device
• CCS: carbon capture and storage
• CCUS: carbon capture, utilization and storage
• COR: centre of rotation
• EAF: electric arc furnace
• EDS: energy-dispersive X-ray spectroscopy
• EOR: enhanced oil recovery
• FIB-SEM: focussed ion beam scanning electron microscopy
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• GBS: granulated blast furnace slag
• GHG: green house gas
• HRXCT: high resolution X-ray tomography
• IPCC: Intergovernmental Panel on Climate Change
• LD: Linz-Donawitz
• LF: ladle furnace
• L/S ratio: liquid-to-solid ratio
• MIP: mercury intrusion porosimetry
• MSWI: municipal solid waste incinerator
• PCC: precipitated calcium carbonate
• PEEK: Polymer Polyether Ether Ketone
• PGM: platinum group metals
• RCO2 : Mineral sequestration potential
• REE: rare earth elements
• ROI: region-of-interest
• SART: simultaneous algebraic reconstruction technique
• SDD: source-to-detector distance
• SECs: secondary metallurgical slags
• SEI: secondary electron imaging
• SEM: scanning electron microscopy
• SOD: source-to-object distance
• SSS: stainless steel slag
• TGA: thermogravimetric analysis
• UGCT: Centre for X-ray tomography of the Ghent University
• VD: vacuum degassing
• VOD: vacuum oxygen decarburisation
• XRD: X-ray diffraction
• XRF: X-ray fluorescence analysis
